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paragraph be changed for clarification; in other cases, whole sections
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IMPORTANT NOTE .

'This volume was written by and for engineers and scientists who are
conceried with the analysis and syrithesis of piloted aircraft flight

control systems, The Bureau of Aeronautics undertook the sponsorship of

.8

. being made in this extremely technical field and that the presentation

~ and dissemination of information concerning such gdvanées would be of

benefit to the Services, to the airframe companies, and to the individ-

uals concerned.

A contract for collecting, codifying, and presenting this scattered.
material was awarded to Northrop Aircraft, Inc., and the present basic

vo,lumé represents the results of these efforts.,

The need for such a volume as this is obvious to those working in

the field. It is equally apparent that the rapid changes and refine-
ments in the techniques used make it essential that new material be
added as it becomes available, The best way of maintaining and improving
the usefulness of this volume is therefore by frequent rcv:l._:ij.‘oni to keep
it as complete and as up-to-date as possible. ' |

For these reasons, the Bureau of Aeronautics solicits suggestions
for revisions and additions from those who make use of the volume. In
some cases, these suggestions might be simply that the wording of a

outlining new techniques might be subtmitted.
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" this project when it became apparent that many significant ”adyannc.e_a were . .
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: S Each suggestion will be acknowledged and will receive careful study.
For those which are approved » revision pages will be ,p;r-e_pu'-ed and dis-
o ¥ tributed. Each of these will contain notations as necessary to give full

~ credit to the person and orga.niza,tio‘n responsible.
This cooperation on the part of the readers of this volume is vital.
Suggestions forwarded to the Chief, Bureau of Aeronautics (Attention
AE-61); Washington 25, D. C,, will be most welcome. |
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PREFACE

This volume, "Automatic Flight Control Systems for Piloted Aircraft,”

is the sixth in a series written under Buler Contract NOas 51-5L (c) en
the general subject of the amalysis and synthesis of piloted aircraft

fiight"c':ontrol systems. The preceding five volumes are listed beluw,

Volumes I through IV of the above list are concerned with methods
of constructing and manipulating mathematical models of the various
components of automatic flight control systems. The methods used are
based on the transfer fm}ction concept. Volume I deals with general
toc}miques which are applicable to any problem in servomechanisas or
a}ltmtic control. Volume II is ooncerned specifically with t'hg. airfreme

L

and was written to provide the flight control designer with the basic

lmowledge of rigid body airframe dynamics bearing directly on gircntt
control system design. The characteristics of the human pilot which are

important to the design of flight control systems are covered in Volume
III, and transfer functions are presented for those human pilot character- e
istics for which such representation is realistic. Mathematical models

i
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Buler Report | |

AE-61-4 I - O Methods of Analysis and Synthesis of :
|  Piloted Aircraft Flight Control Systems ||

AB-61-} I - Dynamics of the Airframe |

AE-61-4 III  The Human Pilot

AE-61-4 IV lThe Hydraulic System

AE-61-4 V , The Artificial Feel System
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of typical aircraft hydraulic surface control systems are developed in Volume IV.

Volume V is the first in the series to be devoted to design methods; it presents

the fundamental concepts underlying the design of the 'a.rtiﬁcial f;el system,

Like Volume V, the present volume (Volume VI) is devoted primarily to de~
sign. Its purpose is to present methods for dgsigning automatic flight control

systems. - A large portion of the volume is based on a.ctual experience at Norbhrop"c“

Aircraft, Inc., particularly Chapters III and IV which dea,l specifically with

design procedures. Section 3 of Chapter III traces the actual deeigyn of'a

stability augnéhter which is currently in operational use.

" This volume is written for the college graduate who has had some training
in systems engineering. It is assumed that the reader is familiar with the

material covered in the other five volumes, However, where necesury, ceruin

| aspects of the material previously presented are reviewed.

The history of the development of automatic aircraft control is briefly
described in Chapter I, along with a discussion of fhe general functions per-
formed by present day automatic flight control systems. '1"he basic cgnponpnts
of automatic flight eonf;rol systems are described in Chapter II, and where :
possible, their transfer functions are derived. In Chapter iII, a design pro-
cedure is recommended and its use is illustrated by an example. The n’tmnl
is concluded with Chapter IV, in which the sy.tas engineering oonccpt is dis-
cussed along with some other useful donign eonsidoutiono.
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CHAPTERI
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8

) PAST AND PRESENT
AU’NHATIC FLIGHT CONTROL SYSTEMS

SECTION 1 - HISTORY
" 'The firct formal records of an attempt to conﬁql an aircraft

automatically are thos’é describing the early work of Elmer Sp.e‘rry.i :
His first attempts were made in 1910, only seven years after the o
Wright brotherst first flight. Mr. Sperry's original device was
called a "gyro sta.bilizer" and its function was to keep the airplane - .
in level flight. It consisted of a large rotor with its spin axis
a.ligﬁed with f.he yaw axis of the airplane. The rotor was dri‘ven by .
a belt from the engine. Mr. Sperry felt that the rotor, which was -

O attached rigidly to the airframe, would resist umvanted rolling and

pitching tendencies. This device was never flown, however.

During the two years following 1910 Sperry designed and built a
gyro stabilizer which contained the basic elements that were used in
all autopilots for the following thirty years. 'l;her gyro stabilizer
of 1212 used gyros only to establish a subatantially hofizontal plane
in the airplane and to generate signals to operate-‘servos dr.lv'ing the
ailerons and elevator. Provision w‘af.s; made for the pilot to gi;e flight
commands by using rhis controls to introduce signals between the servos
and the geometrical referenc;ss provided by the gyros. The first flight
of the gyro stabilizer was made in 1912, and additi&m), development work
was carried out in 1913. In 1914, Mr. Sperry's son Lawrence wom a
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safety prize of 50,000 francs offered by the Aero Club of France for the most

stable airplane. The winning demonstration, which “took... ph:.ce in Paris, con-

'a,isted of a low altitude flight down the Seine in a Curtiss flying boat with

" the gyro stabilizer installed. As the airplane approached the judges! stand,

‘the French mechanic ¢limbed out on the wing while Sperry stood up in the cock-

pit and raised his hands above his head.

Sperry's objéctive in developing the gyro stabilizer was to provide an

‘acceuory wl"xich would make the airplane a more practical device. This was con-

~ sidered necessary for the early airplanes because their stability was so marginal

that it was only with e:lttreme and continuous alertness that the human pilét was
able to keep them in the air. However, during the war years of 1915 to 1920, |
a great deal was learned about building inherent stability into the airframe,

For this reason the autopilot was no longer needed té provide stability, since
- the human pilot could provido adequate control. This condition exiat.'od ihrough .

However, by the iate 1920ts airplane performance had improved to the point
where the duration of flight ai;d range were so great that piloﬁ fatigue became ‘, j
an element for consideration., The usefulness of the autopilot in Jproviding
'pi‘lot relief during long hours of flight was first dn;matmted pubiiely by
Wiley Post in his solo flight around the world in 1933‘: In this flight, Post \‘.
used the prototype of an autopilot manufactured by the Sperry Gyroscope Cmpanj.
The use of the autopilot for this flight attracted a wnsidont;le amount of
publicity at & time when the cammercial airlines were beginning their rapid ’

expansion because it was in this same year that the United States c@;rée

© e
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Depé.rtment‘ gave the airlines permission to fly passengers under instrument
c;onditions. In the following year (l93h), the first commercial airline
1nsta11ation of an autopilot was made in the Boeing 247, Between 1934

and 1940 the autopil’ot was widely use‘d‘ in b‘oih cdﬁnnercial‘{a,nd, military

' _a.ir‘ci‘.éft.

Prior to World War II, most of the autopilots were early verSiolng of
the Sperry autopilot. Their primary function was to hold the airplane
"still" while the human pilot performed cther duties. Physically they
consistéd of air-driven gyros with the gyro gimbals operating air valves,
The resﬁlﬁing air signal was used to operate the pilot valve on a ,hydralulic
cylinder which in turn applied torque to the control surface. A schemati:c‘
diagram of the elevator channel of the Sperry autopilot of 1936 is ahmm
in Pigure I-1.

The first é.].l-electx;ic autopilots were developed in 1941 and one ver-
sion was used in many of the bombing type airplanes of this era in combim.-
tion with the Norden bombsight to provide automatic control of the airplane
during bombing funs. This combination was used very successfully throughout

World War II. With the exc'eption' of the bombsight tie-in, the autopilot

was still essentially a pilot relief device, although coordinated tum'a:
could be accomplished by means of a single knob, and & miniatare "fommation
stick® was provided to allow easier mneuvering Hoading reference was
obtained from a free gyro which necessitatad frequent resetting to cmpenata
for gyro drift. Manual synchronigation of the grro pickoffs

‘
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was required prior to engagement, and autopilot pamet‘er adjustment

knobs were available to the pilot in the ‘cockpit. In fact, ti;e number
of adjustments which the human pilot was requirod té make to insure |

proper flight control constituted one of the major diudvantagos of

7 autopilota of this era,

The first autopilot to provide automatic synchronization of the

signal pickoffs was produced in 1943. This same ,autopilot was also

~ the first to provide a magnetic heading reference. The gltitndé control
"_fnnction‘waa added in the following year, and automatic landing fappi‘oach

equipment was used successfully in the late 1940's. Hith the exception
of the refinuent of components, the basic relief autopilot of today
uses essentially the same mechanization as those of the 191.0':. y

 SECTION 2 - AUNMATIC FLIGHT CONTROL SYSTRMS OF TODAY

As mentioned in the previous section, automatic control was con-

sidered useful on the very early airplanes because of their poor stability.

However, much was learned about designing ‘inherontly stable airframes
during World War I so that autopilots were no longer needed to' improve
stability. This situation existed throughout World War II.

~ The war emergency bmcltt about a tremendous increase in military
airplane design effort which resulted in airplanes with greatly 1‘#1'0'011
speed and altitude capabilities. This trend has continued since the war

and has been greatly accelerated thm‘uhvth use o‘f‘ ot pmpullioh. The
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- tremendous increase in airplane performance since 1940 has been'.acc,ompani‘ed by

& continual “in,cre.ase, in control surface hinge moment requiruneqts and a con-

, 1 tinual decrease in airframe inherent stability. Early attempts to reduce the
control stick forces which accompanied tﬁé ixl‘lc,re:as»od surface hinge moments |

. consisted of such aerodynamic devices as aérodynamié surface balance, servo

tﬁbs, séring tabs, etc, As aircraft speeds continued to increase, however,
it was found necessary to provide hydraulic power to aid the pilot in moving

L the zontrol éurfag'eo. Early versions of hydraulic boost systems aided the
piiot bf providing only a portion of the required hinge moment . However, as

| the dynamié pressures encountered in flight continued to increa,sé and control

surface centers of pressure moved aft due to the effect..a of supersonic flow,

“ it was found necessary to increase the portion of the hinge moment supplied
by the hydraulic boost system, and most pres-ent transonic airplanes require
that 100 percent of the surface hinge moment be supplied by the hydraulic sys-

| tem. The pilot in such systems mérely provides the function of positioning
the control surface through the hydraulic system. How‘ever, since piiots have
been trained to fly by the physical association of control force with airframe

~ response, the introduction of artificial force producing devices has. becoms
ﬁecesé&ry for such systems. Two of the volumes in this series have been de-
voted to the problems created by the increased surface hinge moment; Volume

- IV covers the ﬁeaign of hydraulic surface actuating systm and Volume V the
design of the artificial feel system. S »*
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As in the case of the increased surface hinge moment, the rodncod o

airframe stability was handled successfully during World War II by aero-' |

dynamic noana, but by the late 1940ts it was found that aerodynamic

methods were no longer adequate for those airplanes whose maximum speedsr

were approaching the velocity of sound. The reduction in airframe in-- | |
herent stability which has accompanied the improved performance stems '
from several sources. Among these are: | | .

(a) increased speed resulting in wider variation of aorodymlic
characteristics .

(b) increased altitude

(¢) samaller wings - higher wing loading |

(d) reduced effective aspect'ra.tios and redistribution of airplane
weight components increasing the importance of 1nertia
factors

(e) variations of the aerodynamic parameters in the transonic
range

(2) increase in flexibility of airplane structure,

The deterioration in airplane stability which has accompanied the
above changes is manifested by an increase in the airframe natural fre-

quencies, a decrease in airframe damping and deterioration of airframe

‘static stability, This trend has continued to the present and there is o |

no indication that future airframe designs will show an hnrov-onj:-.
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One of the several modes of airframe motion which have been affected by
the deterioration in stability is the so called dutch roll oscillation which
1 ,ijs ch_aracteri‘z'ed by a combined rolling, yawing, and Sideélipping »mot.ion. n-
. ‘though the dutch roll damping ia almost always positive, it is ;ftén so low
that cdntinuoug oscillations occur in flight due to _fr;éqﬁent jexéitati_,o,nmb‘y
4""1:}5““ and contgfo]. inputs, Continuous du_tch roll is not only ‘unemfbrbabio‘
h,ﬁ;'futé both the pilot and crew, but is in the case of & military airplane an im- |
i 'pediment to the accomplishment of its mission. Tactical military _a.'_;rpl'a.nes
must be capable of flying a smooth flight path for gunnery or rocket firing,
bombing or photography. It is therefore necessary that a.ny erratic airframe
" motion that camnot be controlled by the pilot be controlled by some other
" method. The only presently known method of accomplishing the deairod stabiliza-

tion on contemporary airplanes is by means of automatic control.

Automatic control devices for improving airframe stability have been
Jabelled variously in the past as stabilizers, dampers, autopilot:.l and sta-
bility augmenters. The latter term will be used throughout this report.

! 7, Stability é,ugl_enters operate almost; uni*(grsaliy by sensing one or more of

‘ i the airframe motions and then moving a control surface to oppose the air- |
frame motion. This can best be visualized by reference to Figure i-2,
which shows the block diagram of a yaw stability augmenter. Such a device

serves the purpose of "increas‘ing' the damping of the airframe dutch roll

¢ mode of oscillation. In practice, the _f“rate of yaw is sensed by the rate

I-8
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gyro. The rate gyro output signal then consist‘s‘of a oltage 'propc;rytionafl B ;
to the rate of yaw. This signal is amplified and shifted in phase as ne-
cessary by the control unit, and the resulting signal is used to o;&‘e;ré,teA
- the servo actuator, The servo actuator, in turh produces rudder motion
) proportional to the control unit output signal and phased to 'obpoae the
rate of yav. ’ B
Gusts
1 arframe
oy fing | Rudder | irframe | Motion
System' | Mofion™} Response [ yaw Rate |
Stability Augmentor
L] servo Control Sensor 11
l fictuator Uit Rate 6yro |
Fiqure I-2 Block Diaqram of ﬂujrame Control Loop
with Stabflity Qugmentor = =
The function fulfilled by the stubility augnenter of Figure I-2 is
only one of the manifold uses to which the various systems and subsystems
of automatic flight control systems are put. Among the additional functions -
of agtondt’.:lc flight control systems -are: » ' o
19
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o (a) Pilot fatigue relief
" (b) Maneuvering control
" (e) Automatic navigation
 (4) Automatic tracking
*'""(e) Automtic take off and landing
'  Before concluding this chapter, one additional comment should be mads,
B ‘Through years of usage, the ‘term “automatic pilot;' has to a grep.f many p‘gor;si‘e,
| ";[mplied a device which performs oxﬁy the function isted as item (a) abd‘yn;‘;
This definition applies quite well to most of the aﬁtomgtic control dev&.ce;a
' 1;discusa’éd in Section 1 of this ch'apter; As discussed above, however, pr’ede‘e;xt
ﬁ day automatic flight control systems perform many funétioﬁs in addition to
pilot fatigue relief, For this reason, the term %autopilot™ has been used
quite sparingly in the discussions which follow, | | |
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. CHAPTER II

GOMPONENTS OF AUTOMATIC FLIGHT CONTROL SYSTEMS

- SEGTION 1 - INTRODUCTION

In Chapter I, only a general discussion of automatic if‘l"ight, control

systems was given and no attempt was made to give specif'i.c details .abOut

any particular system or component. This chapter presents a somewhat 'de~

tailed discussion of the components that are commonly used in automatic

' flight control systems. The components to be diécué’sed »argrshown in the -

block dia.grém of Figure II-l. Most systems contain examples of gil”j‘th‘e“

blocks shown in the :diagmm.'

system || Controller | »

Controtler[ | Actvafor

ﬁqurz‘ I[i Generic Block 'Dnacrgtr‘»s fc)cf":m ﬂdfomaf;c 11-1

~Fhight Contro

Surface
Deflection
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above assuption Aygr‘eat]y facilitates the manipulation of the airframe
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Section 2

The components shown in the figure will be discussed in the follbwing order:

1. Airframe | L. Sensors
2. Human Pilot . 5. Controllers
3. Surface Control Systems 6. Actuators

' SECTION 2 - THE AIRFRAME

The problem of designing an automatic flight control systém resolves

itself into that of building a mechani. cipable of controlling the motions of .

an airframe, This procedure is greatly facilitated when the motions of the
airframe are represented by a mathematical model. The equations which rep-
resent the mgthanatical model of the airframe can be derived by equating the-

aerodynamic forces and moments acting on the airframe to the craft r*qdctions

.according to Newton's laws. Since the airframe has six degrees of freedcn; in

space, six nonlinear simultaneous differential equations are required to pro-
vide complete representation of airframe motion. Three additional equations
are required to describe the airframe orientation with respect to t(he e?’e_.rth.-
In this section, these nine equations are presented and their appiico.,tion' is

discussed.,

It has been customary in the past, when studying airframe dynamics, to
assune that the airframe motion consists of small perturbations about some
steady flight conqition. This assumption permits considerable simplification
of the airframe equations of motion. As a result of this simplification, the

six nonlinear differential equations reduce to two independent sets of three

linear simultaneous differential equations. These equations have been called

the "airframe perturbation equations.” The simplification provided by the
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Section 2 .

mathematical model because the resulting equations are lihear and there-
fore subject to the many powerful analytical techniques involving the use
f transfer functions, In a.ddition, relatively eimple equiplent can be

ueed for amlog computer studies.

These equations are used very extensively when studying airframe
dynamics in conjunction with the design of automatic flight control equip-
ment, and the bulk of the material contained in this manual is based-on

the nuge of the airframe perturbation equations, (_;: .

Comparison of analog computer results, obtained using the perturba~
tion equafiens, with flight test results has often verified the accuracy o

of such representation, especially when the airframe disturbances from

the steudy flight condition are relatively small. However, when study-
ing the dynamics of an airframe during maneuvers involving large changes
in airframe attitude, it may be nece'ssa.rj to utilize the 'eou_lp:let‘e six
_degree of freedom equatiohs, especially for those airfran_le oonfiguratioris
which exhibit stirong inertial coupling between longitudinal and lateral

. -odes_ef motion. This characteristic is becoming 1ncreaeingly important,
in view of present airframe design trends toward shorter wings, thus

eoncentrating the airframe mass near the fuselage, In the airframe equa- o

tions of motion, this trend causes the inertia coupling parameter® ‘ N
I "I . > ' . D
: __.Z_z:_-’i to become larger. This parameter approaches unity for L

" configurations having low inertia in roll relative to pitch and yaw.
For fighters of World War II, this parameter was of the order of 0.3 to O.4.##

¥See Equations {11-13).

#*0rdway B. Gates, Jr., Joseph Weil, and C.H. Ioodnng "Effect ‘of Automatic
Stabili~ation on Sideslip and Angle of Attack Disturbance in Rolling lhnmorl,
NACA R "L55E25b, 1955, (Con.fidenthl)
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.face effectiveness and tail size as well as requirements for split or separate | *

'is best for a particular application. Table I lists the axis systems which

~ Section 2 ( o ; N

In the initial stages of design of an aircraft control system, the airframe

may be considered an alterable element. Airframe parameters such as control sur- f

surfaces for automatic control may be influericed by “obntrol éystan‘ objectives

 and requirements during the preliminary design stage, Studies for establishing .= .

those airframe characteristics which are influenced by ‘t,he a.'ﬁtomatic control
system can be made on the analog computer utilizing the. airframe equations of
motion and equations representing some portion of the control system, such ds : ‘
a stabllity augmenter. However, many design parameters affecting tne é,irframé»
performance are fixed by considerations other tha.n‘ control, such as la.nding
speed and maximum weight. In addition, because of production requiraner;fs f_c;r 0,
lead time, the final airframe exterior configurations must be completeiy
established very early relative to other components of t.he' control sy;;tan.
These considerations make it necessa'ry to regard the airrrame as an unalter-
able element very early in the design stage. For fhe purpose of convenience |
Vin the discussion that fo;.laus, it will be aspuned that initial studies &vo
been completed, and the airffme will be considered an unalterable element.

(a) THE COMPIETE AIRFRAME EQUATIONS OF MOTION

The form of the airframe equations of motion depend somewhat on the

"axis system along and about which the force and moment equations are writtenm.

Many systems are in common use and convenience usually dictates the form which

are conmonly used. All of those listed are right hand orthogonal systems with

the origin at the airfmg; center of ~gx‘-a.vrji.izy,. the.z axis in the plane of symetry | .
and positive downward, the x axis positive forvard, and the y .axis positive to .. O
the right. | | |
, 4
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Descrigtion ‘

. The x axis is in the plane of symmetry, aligned w:lth the
| p'ro:)ection of the relative wind in the plane of symmetry
~ for the steady flight condition. The y axis is perpendi-
cular to the plane of symmetry. Axes remain fixed to ther
airframe in this position throughout any subsequent
maneuver,

These are the same as atabili_ty axes except that the x
axis is aligned with the airframe principal axis,

Principal Axes

Body Axes | These are the same as principal axes and stability axes
- except that the x axis is aligned with some convenient
longitudinal reference line, such as the tueela.ge re~
ference line or wing cord line,

Wind Axes The x axis is always aligned with the relative wind;
however, the z axis remains in the plane of eymetry.
The y axis is perpendicular to the x and z axee.

however, the x axis moves in such a way that it is al
aligned with the projection of the rela.tive \d.nd in the
plane of symmetry.

fable II-1. Airframe Axis Systems

The first three sets of axes listed in Table i;-l are fixed to the air-
frame. The choice of axis system to be preferred for any given preblne
uml;y depends upon the form of the available etebility derivative data.

" Some engineers prefer to use principal axes since the cross product of
inertia is thus eliminated; however, stability derivative data are seldom
obteieed with respect to -yhie axis eyet3-. In the past, most asrodynsmic

II-5

Wind Stability Axes The x and z axes always remain in the plane of symmetry;
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-~

_ data have been vp‘resented‘ with respect to stability axes, and for this reason,

: tl;;ls axis system has probably been nore_popula.r than any other. Présent trends;
t\“,e;vépqcially for the presentation of supersonic aerodynamic daﬁa , are toward 'the;
use ol' body axes. As indicated in .'I'a.ble I1I-1, ‘the x*body axis is ﬁsually
alig‘ned with the fusela.ge reference line, This simplifiea the bookkeeping k |

” ao-cwhat since all aerodynamic dataare referred to a fixed axis system.

In the wind axis s'ystan, the lift, drag, and velocity need not be resolved

: into components, since the x axis is always parallel to the drag vector and the

% axi.s is at all times parallel to the 1lift. However, the moments and products

of inertia vary with angles of attack and sideslip. Oné way of avoiding the

latter complication is to write the force equation along wind axes and the

" moment equations about stability axes.* It is of course necessary "'5‘5 relate

‘the two axis systems.

As the name implies, the wind stability axis system is, in some respects,

'a combination of the stability and wind axis systems. In this case the 1lift

is always along the z axis, but the drag vector may deviate from the x axis by

the eides‘lip angle {B + As in the case of the wind axes, the moments and

products of inertia vary with engle of attack unless the moment equations are

written ‘about axes fixed to the airframe.

" J T. Van ﬁeﬂef, Dynamic Regpgns e of Interc_e_gto ;g_lg s to m Commands,
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Section2 .. -

The derivation which follows is valid for any Qf the first ‘thr,e'e
sets of axis systems described in Table II-1, or for any right lpa.hd ”.
orthogonal axis system in which the origin is at the aixﬁ'rame cg, |
the xz plane is a plane of symmetry, the positive x axis lies more
or less along the flight path and the z axis is positive dawnwa:?d. |
Axes attached rigidly to the airframe are chosen ovér wind axes be-
cause most stability derivative data are presented with reffqrmée o

| to either stability or quy axes and because computer results are
somewhat easier to interpret when angular and linear v‘",ei'oﬂ'c:l;:ti‘*es’:‘lé..re :

referenced to the same axes,

The complate ‘derivation of the airframe perturbation equations .

_ bas been carried out in Reference 9 . In that derivation, the
equations are linearized prior to the expansion of the aerodynamic
forces and moments, and for this reason, the cedplete equations are
not presented there in a form suitable for immediate application.
The early portion of the derintioﬁ of Reference 9 , is, however,. .
valid for the derivation of the complete equations. Although this

‘ portion of the procedure is straightforward, it is rather lengthy,
‘and for this reason will not“’ﬁe repeated here, The steps which are
omitted eonaiat‘ of obtainiﬁg expressions for the components of the
linear and angular aécelemtion of a rigid body. The resulting ex-
preasions are presented as Equations (II-25) of Referenco 9 ',

and are given below as Equtiona (11-1).

II-7°
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£F =M (& +@ w-RV)

- 'S 2oL — PW)
gk = m(V R -

S = mmlhrrv-@L)

(Z) , ‘ . |
£1 = AL -L, (Br9P)r OR (L-2y)
L2

EM= QLI (&P + FR (L

SN BTy (P-98) 420 (5, -D)

Equations (II-1) are based on the following assumptions:

1. The airframe is a rigid body.

2. | The earth is assumed to be fixed in space and the earth's atmosphere is
assumed to be fixed with respect to the earth. ,

3. The mass of the airframe is constant during any dynamic analysis.

4. The xz plane is a plane of symmetry and therefore -Z,;y -'-'-2; > = o .,

In Equations (II-1), the letters ¢/, V , W, 2, ¢ , and &
' represent total velocities along and about the x, y, and z axes respectively;
777 is the mass of the airframe; / , /:y , and /5 are the externally
applied forces along the X, y, and z axes; and Z  , A7 , and A/ are the
externally applied moments, The moments of inertia about the x, ¥y, and. z axes
are given by_Z,} ,-z;, » and J.e. + and the cross product of iinOrt.h, is given
b’Ixt *

II-8
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Section 2 - .-

The externally applied forces and moment.s consist of aerodynasic, gravi- -

tational, and thrust forces and moments.

Then
(E'—Z) g ";' - /54520 A “

é"é = éﬂsap ,*éc, e,
ZM- fM # M

é/y-/V +A +/V

If the origin of the chosen axl.s syatan is at the airfrme cg, and if

the thrust line lies in the plane of ay-etry (n phne) . sennl of the

terms in (11-2) are equal to zero,

(E‘3j F)",- :—Zr :’-A/ :ZG =M

(e

=-Aé~.—:0

Then Equations (II-2) can be reduced to Equations (II-4).

Zh = Lreen? o iy

f/;’,:: Yoceo F;G

@-4) E% =%, " o,
fi = 4/600 l
ENM> Moereo * M-
EN > Moo
. o o




e e

c 3
Goow

Section 2

Each of the terms on the right side of Equations (II-4) will now be expanded

in terms which can be utilized to form the complete airframe equations of
motion. |

To express the forces along the x, y, and z axes due to gravity, the two
angles _é— and @ are utilizfaﬁd«. These angles are defined in Figure II_-2‘.

Figure II-2 also shows the angle [ which is used to define airframe heading.

The angles B , @ , and & are called "Euler angles" and are used to
relate the airframe axes to earth-bound axes. In Figure Ii-'2r,~ the angle‘f ‘
is the angle betweqri the airframe y axis and the 'horizont#l plane, meagqged

in a plane perpendicular to the airframe x axis; the angle @ ig measured

vertically between the airframe x axis and the horizontal plane; and the angle |

_P is the angle between an arbitrary reference line in the horizontal
plane and the projection of the airframe x axis in the horizontal plane. By
direct resolution from Figure II-2, the gravity forces along the airframe &xes

are found to be

o= -We sw &

(Z-5) & |
‘ (</
‘ CoS f

where W¢ 1is the airframe weight.
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The thruat forces and moments are expanded with the aid of Figure II-3,
If the ma.gnitude of the thrust along the thrust line is designated by T-

. Section 2

“the thrust components can be written as

If it is assumed that the thrust is a function of only the variables ¢/

and J

I1-12

79%97.

(z-é)

(Z-7)

Fiqure -3 Thrust Relationships

7 cos £

i

&r

7'2,

)

-

_(engine rotational velocity), Equations (II—6) become

[T/a) + T )] cos €
[r/u)rréfwg] s &
A = [7‘/10) +7‘éfm)]
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' Section 2

The aerodynamic forces and moments can be expressed functionally as

' swwnin Equation (II-8).

.—_—,Z'/ﬂ,l/)h/, @34 dg:de) A‘:da)

44 = aileron deflection
de = elevator deflection
dg = rudder deflection
4, = flap deflection
44= speed brake deflection

and the functional notati&m indicates the force is a function 6‘1"1'.1‘;0“ in-\

dicated variables and thqir derivatives,

Before the complete equations are written, however, several simpiifi-
cations can be made., Since it has been assumed that the x=z plane ié a
phne of symmetry, all terms which represent the functional rélationahip _
between the longitudinal forces and moments ( X , 22 , and /7 ) and the
lateral variables A and 2 can be dropped from the equations because
the quagxtiti'es are not functionally related, The same o;ogditiqn exists
for those terms which represent the functional relationship between the
lateral forces and moments ( £ , A/, and )/ ) and the longitudinal
variable () . In addition, it is assuned that the flow is quasi-steady.
This asswiption eliminates all time derivatives arising from acceleration
of the air mass except the W term which is retained in the pitching
moment equation to account fo’:-' the effect of downwash lag., It is further
assumed that the drag caused by 4, and Jo is negligible. wm. these

simplifications, the functional rehtionahipa are expressed as:

11-13
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(r-9)

Although mathematically rigorous methods exist for separating the varisbles

= X(UJ V) W) 'Q},Dfl,-*ﬁg/ Aﬁ) -
=y (4, v, ¥, P K A s ﬁf) |

Z 'EZ;;&;M = 2(”‘/ V, W/ Q" ) Af" Aﬁ)

. of (II-9), the resnlting oéu;tionq cannot easily be mechanized on an analeg

oomputer, This situation exists because the forces and moments cannot im

,\ , .
general be represented as the sm of the forses tndlu_u;t:rg?o to each of -

the variables individually, since the force er moment due te ons variable is

a function of many of the other variables, Fer example, the L. moment due
to V isafunctionof L/ and W . Experience has shown, hewever,
_that many of these effects are sall-ind that wseful results can be obtained
¢ the funstisnal elationships shows in Bquation (II-9) are separated as
shown in Equations (1I-10). | - |

I1-14
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Z Fp,

x(u)+x(w) * X(V)” # X(@)u + ’<(4>e)u |
e ro |

+x(AF)U+ X(2g)

Z),@eeo'ﬂ y(V),JW"' V(P)u W"L}/(ﬁ)u +V(Aﬂ)ﬂ/wf}/( ‘,)“

il

£ zﬁé&o

(ﬂ_ 0) - _‘ 'I‘Z(pr)‘_. f‘Z(AB)u
y .

= ZAEIZO

)

fmm,, m(v) b W)+ M), +m(4), w(n/)uw
| +M(A4)u M (8g), +M(Pg)

}

In the above' squations, mymbols of the form L (V). S
indicate that the rolling moment due te |/ is & function of L/ :
and W . Data representing these relationships will wsually be pre-
sented in mondimensienal fo.:iaq families of curves, as Murinn
ke |

L{v »)u/ " fZ (P + L(R ‘.)‘u, w # Z‘(/bﬁ),_. +z (4 "i‘),“/w -

by # N Vg tH (P + R, ;w+z/(og>u;w+¥fér5ayq

2(0) +2(Ws # 20y + 2(Qut E06)s.
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Fiqure T- 4 Typical Presentation of flerodynamic | Wm'

In Figure II-h, | *
@ GV =

To simplify the presentation of aerodynamic data, curves such as those

of Figure II-4 are usually plotted as a function of / and o< rather than
v and ¥V . Reference to Figure II-5 shows that ﬁ and <X are given
by Equation (II-12). | '

#A more eomplete discussion of dimensional and nondimmaional coefficients is
.given in Reference 9.

1I-16
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Fiqure I-5 €lngles of attack and Sideshp

The approximations of Equafions (II-12) are quite accurate for small Avaluos

of / and oL - and are in error by less than 10% for angles up to 30
degrees. |

Aerodynamic data defining the other terms in Equations (II-10) would
be preseﬁted by curves similar to those of Figure II-4., It is evident that
‘for any particular sirframe and flight condition, the determination of each

1I-17
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i .of the temms in BEquations (II-10) beocomes an individual problem, Rach temm is

A mnat:l.ptod to determine hew eliborate its mechanisation should’ be' to pmido
. u«publc aocuracy,

wn-n Eqmtim (I1-4), (11-5), (n-7), (n-m) are oambined with

- Equations (II-1), the result is

o (Z43) </;_— -va ew,ﬂ[ij,ﬁm«//‘,* X/V)aw**W)a ff/ds)ﬂ

| fX/él,.)a f/\’/(;,)a * %ty) c.maff 7'(er,wa % "’V@]
e ';s r?/f/jés/*m[ )’/l/)(/w-r}’//(/w—f-)’/'?)aw*)/fdﬂ)ﬂ,
AHAY) sy W cos @ sin F ]

L We-Arrgte s [214) * ZW), + 2V, 2@ 7 E ey

# 2l )y + Wlin )y T Wi &5 T rom) st 4 1 cos. (D) aoe 27

* L Qyly# L(de )u,w J
9 m it [Tra (€D~ PR(L - 20) 4 M) + My 4 M) .
| 4 ﬁ;/a)u * My + Mg, QV@-),Q }A//;z,)(, - |
y: 7/0)3. “ r@‘rm) %}j .
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" Equations (II-13) and (II-14) make ip'tho complete .lirfnn‘ equations of -

" degrees, at which p.ttitndo the Buler angles f and &

o diom-:lon uo-puviu thtﬂ table, 1t. was m.d tbt ossne dqnnntion

£
/)
.

Section 2 .-

Since Equations (II-13) are composed of eight viriables but only oix - ','
oqua."t".:'l:onir, t.wo additional equations are roquird b“ofor"o, a simultaneous .
solution can be made. These twe additional oqtut:l.ona are noqdod to relate
the airframe attitude angles f and @ to the a:lrfmo angular- nlocitin

: = » o end A« These equations, plus the oqution rohtiu the -

heading angle f te tho airframe cunhr voloci.tin. un be wrj.ttou tm
an mlpoct:lon of H‘uro 11-2,

[, P o &) /¢>sw[+e mf) B
@ chs[ ,e.swvj. . ;-; 

(- /4)

motlon, and they can be mechanised en an aialog cemputer in the form shown,
It will Abc uot.gd th;.t ‘t.‘ho‘ oightio;xl are nonli’nur,' and therefere nonlinur“
computing elements are required te perfora function m.;ltipuu'tion and
functun generstien. The oqutio’ul are nlid‘tor any attitude or cenfigura-
tion tor which undymio dn.tn ean be obtained, exsept for @)= 190

are lmdofind,

as is evident frem their dcrinit:lou and from Zquatioms (11-4).

\J

As nontionod proviouo]:, lqmtiono (1’I~13) and (II-]A) are un{ tor
any of the first’ throo sets of axis systams dqfimd in Table II-1. In the

¢
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A is effected if the principsl axes are chosen since this eliminates the cross ‘ ;’ .,
Vo i . . ‘ ’ , ! — ’ ry’
| 'products ef inertia, and thus the terms multiplied by Zx=  in Equations S
g4 7, (1I-13) are eliminated, Further, since the fuselage reference line often lies
. 4 i N ' , e
very close to the principal x axis, the cross product of inertia is sometimes oo
- negligible for this axis orientation also, lewgv’o;-, if stability axes are R C
chosen, .1‘t\v111.‘|. ke necessary to retain _Z}é. for mest flight conditiens, - 3
For a specific airframe, it will be possible te reduce many of the aero-
. ©  dynamic terms in Equations (II-13) to the form of the oconventienal dimensional
| | .ta'binty dor:lntzl.ni.“ For on‘npio, if the term X ((/)W 18 a linear function
1 : of U/ am does net viry -i;nif:luntly with W for the ranges of ¢ amd W | B
Oa | i
L mtioipctod for a mciﬁc probl-, then A() w u.n bo Teplaced 1n the oqution i
.o) ‘2 | o b’ . ) i . , . . [ | " b
: . Ho : o IR BN =
i ' T
| Dividing the prtial doriutin by. i gives the cenventional stability b
1 dpriutin, ' 4 v " |
o (T-n) L 2K =Xy
|y ) #7 3 a - !
| Whea the cemplete equations are applied to & rpecifis nrrmo, 1t wui 1
| ' . often be found t.lnt -nv of the mnnu' terms are no.lu:lblo. m. m.-tiptor.
’* "Where the serd subsoript indicates the initisl value and the lower case mt.u-
{ huuutu dovhtiou therefrem,
! s
o S : O
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Section 2

Triplett,* has found that the terms (& and o2
ralling maneuvers involving roll a.ngles up to 100 degrooa. Two othor
investigators, Shermin and Sternfield,#* using equations \roferenoed to
,lpmmu axes, found that the terms A V and PR were negligible,
that the tems AV , PR , and AP were small but oould not be neg-~ -

lected » and that the term /DW was very important for tuming maneuvera |

involving roll angles up to 90.degrees and load factora up to 5 g's. | i "7‘ | |

Sherma.n and Sternfield also found that the nonlinear variations of

M{W) /V(V)w éa/)w Z(p) and A/('p) were important.

Both investigations were concomed with an advanced design interceptor.

Other simplifications csn often be made when a specific problem or

maneuver is being investigatod. For emple, since the airframe hea.dixig s

’ _F does not oontr:.bute to the solution of airframe equations, the

Euler equation for _g need not be mechanized unless the airframe heoding
_g is required for use in a heading controller mechanization or for some

similar purpose, If the maneuver being investigated is primarily rolling,

it may be posoiblo to neglect the Euler angle @ s Or to approximote

w@ by @ Mo Cos @ by unity. If only small spoed changes ure antici-
pated, it ia often pouible to eliminate the X forco oqmtion, thus ro-
ducing the problem to five degrees of freedom.

 ¥William C. Triplett » "onsiderations Involved in the Design of a Roll Angle

.Computer for a Bank-to-turn Interceptor,” paper presented at the NACA Con-
ference on Stability and Control of Aireraft, Moffett Field, cuifornio.
March 29'309 19550

Windsor L. Sherman and Loom.rd Sternfield, M"Some Rooulto of a Study Per-
formed on the Typhoon Computer," paper presented at the NACA Conference on
Stability and Control of Airorort, Noffett Field, Colifornio, March 29-30,

1955,
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Ono method for dotoninin; the required complexity for an mlog onputor ‘
" lhuhtion oconsists of first solving tho oonploto equations en Iﬂl oquipcnt. | |
"rho oqmt:loua are thcn simplified by droppin; the nonlinear toml, one tern a
"_,a t:llo, until tho u:d.lm permissible orror has beeni intnducod. .

If TEM equipment is not available, the roqnirod oonploxity can still be
vdoton:lnod for those cases where a lpocifio maneuver is being investigated for i
which flight test results oi:t‘ot. In this case one begins with the port.uﬁrb‘ct:l.pn
_‘ odmtiono. and the nonlinear effects are then added one at .fu_-- mu t.ho m-

. 108 results show acceptable correlation with flight test results,

B (,") THE PERTURBATION EQUATIONS ‘

' ‘The airframe perturbation equations can be dorind directly from Equations '
(II-13) and (II-14) by means of two additiemal cn-ptim\ud s change of
variables, The first asswiption iss o 3 R
o Assumption 6 ' . T o

o The disturbances from tho steady Tlight condition are sesuned
" to be mall enough that the preducts and squares of the clnn.u
in velocities are auligiblo in e.p.rim te the cm‘u R
th-ulvu. Also the dilturhnco angles are umd to be nll
enough that the sines of these angles may be set oqul to the
angles and the cosines may be set. equal'te wity, It is further
assumed thst products of these angles are uln sppnnntoly

)

lm and ean be noglodtod.
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where the zero subscript indicates the steady flight value and the lomr

case, 1etters indicate deviations therefmm.

‘As a result of the above change of variables, all the aerodynamic

quantities in Equations (II-13) can be represented by the sum of two

<

terms, one representing the value of the aerodynamic quantity in the

. initial flight condition and the otlier term representing the change in

" the quantity due to perturbed airframe motion,
airframe motion is small, this quantity can be represented by t’he"'slopc,“

Since the perturbed

" of the aerodynamic quantity at the steady flight condition, multiplied

by the change in the airfme -variable,

e
=

I11-23

i ’
; ' Section 2
" application of Assumption 6 is simplified if a change of variable is
|  made. Let each of the total variables of Bqustions (11-13) and (II-U)
be represented as the sum of the steady state value and the disturbod \
l valdye, Then ‘ é:
U=l +u Jér=4?f * g M
y: Vo +tv @; @ *e
) Wa W, +wr L=+ y .
/ . Aﬁ = AFQ *crﬂ'
)
P o ‘ AB=ABO ‘*J}
=75+ - s da, +da =
A Q‘Qo'*g 45’450 *Jf >
3O PsKBorr de:-lg, +de

B —
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v For example, the expression X[ W)y b“ﬂ” X (M/ ) *?X

(f L uomption.

It is sssmed that in the steady flich*- °°"41'°*°"o 11 acoslerations

' ’

N | ! are o,qul to sero (1..0.. U, = V; = W P,si’o:O)

: Al a result of Au\-ption 7, the loft l:l.dn of Equatiens (II-IB) are oqul

B " constant terms appuring on the right auu of lqutiou (II-:L’) mt bo oqul

. .to sero and are tlurotoro dnppod from the oqunt:lom.

U= @M—Mﬂz#(tﬁr "‘l&ﬂ“*-ﬁ)—{w’r‘ﬁw |

R 22

.,4.2{’_\/.3 ¥i’(¢fe 9§ =+ J’,td_f,( ca.s 5

;._.
-/ji’?:; o/wn cos_j‘_ eCos@]

-A’u Ur.;ﬁur,«u/;w-[a)y 4;%2’ +j)__

conltcnt tom such as X ( Wo ) m be ol:llinltod by uuu of m Mditioml ‘

t.o toro for the stw flight uudition. ‘l'horoforo the algebraio s ot pn tho

V uunm Auuptionl 6 and 7 and lquthu (n-rl). it 1s pmu. te wmo
I xqmuu (n-u) and (u-u.) as o

&YOZ *_é_)-/J '(/cos-@ Ca.sj;—‘.e ?” @WAD "
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‘ 80&19!1 2 : . : s Lo
| &nn.ﬁom (11-18) are quite general and can be used to lt\idy the motions O
v ‘ § - of an airfnno di-turbod by a -:11 llount from some 1n1t:lal nuht condition,
The mithl flight condition can bo any oubimtion ot airtmo nguhr md

&

: ’ | ~ lnear velecities (within the limitatiens of Assumption 7) and any attitude as

1 = 1°“‘ se () F'+ 90 degrees, and as long as theperturbed velocitles «, v=p, .
Rt f“' f‘ and 7~ and the porburbodMormlu ;/ cnd ©. are kept I S |

nll ‘It will Ve noted that qutiom (II-].B) are linear.

" ;j “ T As shown, lqmtions (1I-18) are much more complicated than unnlly re- -
B quired, Most adrframe studies using the perturbation equations are Dot adverse-
! 1y affected throuh the use of an additienal ul\-ptiom
g : : e e

" Assumption 8 , \ .
' It 1s assumed that the initial flight oendition consists ef wings- O
: ‘ ' level flight at constant altitwde and sere lidulip'mclo.. m- , - v o

rewilts tn Vo= 2 =Qh = £ j-"@‘_{?-f o .
I ny means of Assmption 8, lqutionl (n-m) are reduced to those ot (11-19) | . "
I -W —L[g'if X x e
i de=~Weg 7 [T o ,* g;,
- "jjr:p"/’* 7:‘"85 "%r Fhm cos G e & cos @7 | ,
(1[‘/,9) = —lhr + W, " _l’ ; | e

;p.; r-/ fd)/ , .
o e a0 2:‘3%’?
-r‘w,t ) cos @] ' |

e (/., i [ *C)wad;z 45’_4,,*5*30”5_4, '

5’;04;9-2_4 smgﬂ'd‘/ er&#f GM@] O

oo
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In Equa.t;’mns (11-19), the t’m’%{_ af—*i j_::

" ‘are sét equal to zero by‘the: fqnoving reasoning: Since the airframe
has been assumed symmetrical about the xz plane, the above partial
derivatives ajre even functions and have th’er‘gqx‘x‘oral'. form shown in Figure
11-6. | o |
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Fiqure -6 Forces and Moments Caused by Side Velocity.

Since it has been assumed that \/05 D , the above p#rtiél du"g.vatifes are
evaluated at V‘—“" 0 on the cuﬁ‘o of Figure II-6. In additiox‘; it has been
assumed that U™ is small, It is evident that the partial deriv;ti;es of
X s 2 and M with respect to (J— are sero atl/o =0 . '

‘ 4 X
If, in Equations (1I-19), tems of the fjom/—wl— 3—(; M and
1 al . S
T 3 are replaced by XU and L » the notation is sim-

plified, Making this simplification, in addition to ,utiting the paxztiil
deriva.t:;.ves of )( » 7 »3nd N\ , with respect to L~ equal to :&o ,
results in Equations (II-20) and (II—Z:I.;). J } |
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It wiil be noted that Equations (II-??O) ‘are functions only of the

‘c ",‘* - variables « , w*, and .6 and that Equations (II-21) are functions only
A * of the variables P o7V ¢ , and }5 « -Thus, as ‘sta't‘ed previous’iy,
" the pqrturbatidn equations can be treated as two independent sets of equa-
] | tions.* Equa.tions (11-20) are commonly referred to as the "longi‘oudina.l '
g ‘equations" while those of (11-21) are called the Materal equations.t

Since the: longitudina.l motions are independent from the lateral motions »

'they are treated separa.tely in the ranainder of this section.

f’ T . Table II-2 summarizes the basic output and actuating quantities which

can be utilized for airframe control.

' The foregoing equations and Table II-2 have shown the airframe ba.e';i'._'c
.- _,."q\;antities available for control., However, before any selection of controlled
E ! ',’.'variables can be made, it is xiecessary to consider very carefully the detailed
” dynamics ofAthe airframe unalterable element. Therefore, it is neéess‘ary to
,) discuss the lateral and longitudinal motions of the airframe and the important
o i - airplane stability derivatives (inherent or created) affectingA these¢ motions.
This discussion considers the airframe as a series of transfer functions, and
" discusses both transient and ‘frequency resporises, arriving ultimately é.t ‘several
‘ 'important conclusions regarding the best output 'v‘arhb]’.o‘g to be used 1n ocon-
o x'.' trolling the various airframe motione. | |

- Il | %It should be noted that Equations (II-20) and (II-21) are mdcpondont only
. <.} -because of Assumption 8,
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‘Section 2
(Basic) )
Output Quantities
longitudinal »

U fo;';t;rﬂ velocity

/" vertical velocity

¢ pitching velocity

«(x forward acceleration
4,5 vertical ;ccoleﬁtion

o< angle of attack == \M

v
e "pitch‘lng.flo

o(g elevator deflection 3

a( fighter brake de-
& flection

o flap deflection
ey engine spesd

|output Quantities

Lateral

/- side velocity

70 rolling volooity.
7- yawing velocity
dy side acceleration
% .yaw angle |
/ .roll angle

|4
45 sideslip angle == 77

Astuating Quaptities =

a[; aileron deflection
ole reMer deflection

¥

Table 1I-2, " Basic Airframe Output and
_ Astuating Quantities
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(e). 'IONGITUDINAL MOTIONS
3 1 The discussions of airframe motions in this subsection and in the rema.mder
’ - of the manual are based on the use of stability axes, Due to the application
' of Assumption 8, the selection of stability axes reduces two more terms to zero.
‘Therefore, for- stability a:oes, B
s . . K '
(z-2z) @@= M S -

Utilizing Bquations (II-22), applying the Laplace transform, and re-
T‘ arranging Equations (II-20) o that only actuating terms 'appear on the ‘r;’i_ght'
S give Equations (I1-23). S :

(=X~ 72(605_5)(( (Xw-)w-—(SXi—;)as

| aQ‘*XJJA‘ %,@ J‘,«—m cos & <(
i F X (12“-23) _/5( > S/A/_é.)a-/-/.f z)w— (043)59—-_
. ngJé__,_g%J +ZL dan T S v .swvf

1 . —( My # 4’3;)4_(5/4_4;+Mw)uf+ﬁ—5”§* =
- L Mde p M, et My et P

e
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The longitudinal transfer functions are obtained from the simul- .

taneous solution of Equations (II-23) and are given for elevator
deflections in Equations (II-24). Transfer functions for Aa Af

' /e
and Q)%% are presented in Equations (II-25) and (II-26). Note

that if it is desired to obtain the equivalent equations for dive-brake .
-or flaps inputs, merely replace oé: by the corresponding deflection .. | . |

wherever it oc¢curs, including subscripts. Transfer functions for

engine rpn inputs must be obtained separately, however. .

The transfer functions of Equations (II-24), (II-25), and (1I-26)

were obtained with the fmctions )Qg, ) X Z:pzéj__ . and 7,2 IR -
set equal to zero. These terms are neglected, since experience has
shown that they are usually quite amall compared to the other terms

in the equation. A more complete solution of the perturbation equations
which includes the above terms is given in Reference 9. -

117331;




e

S

R RN

o S

. II-34

Section 2

LN

U = &I+ CS

# Ly

A

537445 ~5+Q‘,.~5-/-ﬂ“,

(“Xr ;)

;

voon f"‘é—.} .

>

o . €
B ——

/




e e 2
’ B

&y =46,

Cx
2

= a+/’¢a

“=0«_ +;~59

£ =9Cq

4

= A%+ Be T+ 5+ Ly + &

A =/

8
c

For a typical case, the factored forms of Equations (II-ZJ.) through

=AM ((()_%-z.,. -
=M G -Mr K)-+

*X, [:-’ *M#%MJZX
=~ a[M
*;/Z /Ww.wll)fz X, /1?_
= 7/2&/1//”,-5,,/%) |

(11-26) are given by Equations (II-27).

My Q) ]-#, X, /M)

Section 2
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O [k (B ST Sr/

2 ~Fl% (B (% )]
(I-27)
i &=a ke S(F SN, )R, 5#)]

cz o % ¢

& =4[k, (R, 507, S0 s4)]
. where

d = s* +'2°['$P5,19_5: + 5-/-/

o ("r".'sp e w;);, )

The denominator of the transfer functions gives the form of the

characteristic motions of the airframe--the motions which ultimately may have <

to be changed for e_ffec‘iive control; Note that the .tr'ansferr functions are
written in terms of quadratics, indicating tvo oscillatory motions with widely
separated roots. An approxinto factoriution of the eonpleto fourth order.

denanimtor yieldv

#Note that these functions-are nomminimum phase; i.e., they have either poles
- or zeros in the right half of the complex plane. The amplitude ratios of such
= functions are identical with that of the minimum phue equivalent. The phase
angles are, of course, difforont. This difference:is discussed for particular

cases later.
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2so
(Z-28)
S:.p = - Lo M“': f/)?_#—zzw) . \;;,.' o ‘4;? 6’7’ /14 (“Xur‘j)
< “op o /00” “ngo ',Zw“: 'U'f’s;

The oscillation characterised by f; o and 2n, p 1s called the

"short ﬁori:id!" motiong it has a fast, uﬁnlly well-damped, resporise, The

“oieij.h.tion c’harictoriud byﬁ; and Zb;; /o has a long period, poorly

.damped response, and is known as the "phugoid.? Since these 'u;o, approxi.;
"llt. factors, thq cannot be 'nivorn'ally‘ appli;d. ‘l'hoy are more aocunto
for those airfmo oconfiguretions where t.ho mtunl frequency and damping

of the short period are much larger than the corresponding quunt:ltiu forf

tho phugoid, & condition which almost clnya oxi-to. The facters are

 wseful in ebtaining quick estimates of airframe characteristics, and they
ales show the cemtribution of the dimensional stability derivatives to
‘the airfreme natwral frequencies and damping retios.

i‘roqumoy respenses are sketched in Figures II-7 through II-11 for
the longitudiral transfer functions of Equations (II-27). The cuévu
plottod are typioal of a hi.h performance jet airoraft at a oruising
flight oondit.iou. '
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Examination of Figure II-7 indicates that larger airspesd changes

response nlao mdiutu than m a.irspood oontvollor eould control the

- sirtrano ct phugoid froquenciu but that control of t.ho lhort poriod

A

by this n.thod wonld roquiro axt.r-oly high ;un

. Pigure II-8 :I.ndic‘atn"thst large angle of attack changes take place
dur-ing‘ ’thqlshorﬁ period but ‘t.hit very small angle of attack variations
are associated with the phugoid motion., (In fact, the numerator tom

.\ containing a//,o‘ allo.t. oaplotoly uncoll the phtgoid portion of tho

dencnimtor.) The froquu\q rnpmu curve shows that an an;lo of att;ck '

‘controller can.stabilise the .hort. period but that 1t cannot appreciably’
* ‘affest the phugeid, From a pnctiul otandpo:lnt, hunvor, angle of

attack controllers are seldom used because of tho difﬁculty in “euntoly
measuring angle of attack, '

.

Figure Il‘-é shows large pitoh angle changes during the phugoid and
fairly large changes during the short period. Clearly, a pitch controller
could. very ‘;dqnt;ly oontrol the phugeid and tho“ short period motions,
nlthiu‘;h »r.oht,iv".:gy high gain weuld be required for the latter purpose.

Figure II-10 indicates that hrgc vort.:lul accelerations of cupcnbio
upitndo exist at both phugeid and lhort por‘.lod tnquenoiu » and also
shows the distinct ‘possidility that no equalisation would be needed in

,« T
°

. A”V, {‘? .

ocour during the phugoid than during the short period. The frequency - T

Y
R



i i it e - . e e o e o i+ et e ey = s} 4 e s e b i} e

Section 2

Figure II-11 shows that large forward accelerations exist at the phugoid
frequency, and fairly large accelerations at the short period. A forward
acceleration controller might be useful; however, because of the norminimum

phase terms, considerable equalization would probably bernQCGSSary,fOr;ﬁbet

period stabilization.

In sumary, the only controlled output variables capable of being used
with minimum equalization to control both the phugoid and the shert periéd
are pitch angle (or rate) and vertical agceleration. An angle of.atﬁack con-
troller would be most useful for controlling the short period, and an airspeed
controller or forward speed controller would be_mogt useful for spabilizingc

the phugoid.

(d) LATERAL MOTIONS ‘

Application of the Laplace transform to Equations (II-R1) and rearranging
s0 that only actuating temms appear on the right result in Equations (II-29)
(Again, it is assumed that B, =Wo = 0,) '

(IT-29) o
(s-h-)vr -(S42) g+ /5(Y - )’_7;0_
Y o * ):4‘
-(L, )v— + (s -4, 5);{-/5
éé*%
_(/V).u. (s"Ixe-*/\/ s)%f-/s /\/ 5)5/
Aa// oL 7f/\/ A — '

Ja_

+5¢)¢—
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The lateral transfer functions can be obtained directly from Equations
(11-29), and are given in Equations (1I-30) through (II-33) for ailercn
inputs; Equivalent equations for m&der 'ix’zpute‘:my.l—:‘:; 'o'btai‘md‘by re-

placing 0[4 by Je where it occurs. ;.
g For.s@icgsw)
‘ Jé ac’Jﬂ A4
(Z:31) ¥ = AyS'+ GyS+CyS+ D¢
de 4,
(z32) B = S(AgS +LyS+CL)
o | ‘
| 4
(-33) %4 = U, . & + §
da Ja r
wwere & = L £Y_¢‘ -V
4T 4z, %
= - ) .J;te
Gom by (21 )0, (222 £ +4)
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These transfer functions have factored forms and are given for a . |
‘typical case in Equations (II-34) through (II-37). Equations (II-38)
through (II-41) show the factored forms for rudder inputs.

(Z34) £ =L [~& (7 st)7 s+) |
Ao % ['g}; ’d' AZ j
T35 ¥ =t [l (7 st 2 50r)T]
O% Q"’[ ;j:" Z" ( 4% _/
(Z-ze) #=-L -4y (w;':z 4 f%&wsw/)— -
0,; 01/9 é; di‘ w”/,¢, <
WHeees J”=(-7;$¢/){ T-S# @-‘—s{: o+ LSy Sop /)
7p »
P : Y ¢
B 2
(Z-38) ~:€=-LZ’ "  S#/ ( J?/ 7’ S 7/
o e o{z ( _4 ) 'Z_/
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It will be noted that the latersl transfer function dencminator dﬂ'
or ‘.£ _breaks up into two redl roots and one quadratic. These rocts are
charscterised by three modes of motion,

_ The motion resulting from the negative real root /5 is called the |
"'spinl mode” and :lo, of oouru, divergent when 7 is nop,tivo, io '1l‘

usually the cuo. This root has a very lm tm eenstant :l.ndiuttng that

the divergence ocdurs slowly.

The positive real root /,~ describes the motien called the “roll

subsidence mode™ which is characterised by a short, stable rolling transient.

The quadratic mode, which is known as "dutch roll," is a yawing, rolling,

and sideslipping oscilla’ion with considerable energy in each dq'ro; of free-
dom, Mest -odomjot aircraft require artificial stabilisation for the dutch
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1 C e T o  Section 2
roll mode, and & detailed dilcuuion of the duign of thil type ot

,oubility auglontor is presented in chaptor I1I.

, ‘l‘ypiujl frequency r‘espo‘nu"a for the lateral case are plotted in -
Figures II-12 tli'rough I" . The sero db lines are shown to permit dis- ) B

_ L3 S s 5 L. S . N
i e i e i L L L S i
=S U U VO~ .U S

cussion of relative amplitude ratie, dhd represent approximate p:l.hl toxf "
a ltuight wing ﬁ.ghter in the nid-altitudo, mid-Mach number unge.

It will be noted that the amplitude ratios 'q.t the dutch rell fre- -
quencies are approximately equal fer Fimoi II-12, I1I-13, and Ii-ll.,

indicating that the actual magnitwdes of & , ¢/ , and Z£ in this

-' mode are oupunhlo when the airframe is excited by rudder deflection.
Gonversely, Figure II-17 shows that when the airframe is excited by

aileren deflection, the dwtch roll quadratic is nearly cancelled by
a quadratic in the mmerstor of the %. tnnnf;r function, 're- |
sulting in nry 1ttle change in réll angle at the dutoh roll froqucncy. ,

' F:lgnru II-12 _l.nd II-13 show that when the rell mbo:ld'daco mode is
mit;d by rudder motion this reet is almost cancelled by a root in the
numerator, . which indicates that only -;11 clnuu ecowr in ;ﬁ
and / and therefere, the motien is pro&c-:lnutly relling., For
‘aileron deflections, however, l"iguro II-15 shiows that the roll subsi-
dence ﬁot 7;* 1- ot caﬁcglle‘d‘w.d.n‘. the %4 transfer function; o
therefore this sode 1s characterised by more sideslipping when excited = |
by ailern deflecticn than when excited by rudder deflection, L

II-49
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Section 2

Emimtion of Figures II-12 and II-15 reveals that the spiral nodo is a
‘hearly coordinated ( L= CJ) rolling and yawing divorgcnco since the anpli- '
tude ratios for //Gf and /@A at tho lpinl break point are lnch lmnr '
~ than for. the rolling and yawing transfer functions,

It'un be oondlude,d from the above discussion that the relative Bmagni-

" tudes of & ., ;/ , and /d during a lateral transient depend on whether

»

" 11-56

: ‘t‘ho transient is excited by the aileron o'r the rudder, Sé-o eonciul‘i'ono re-

garding lethods ‘of controlling the lateral metions will be point.d out 1n ‘the

‘dincuu:lon of the equiulcnt subil:lty dorintivo appmch. :

Anrox:\-to ftct.oriutlmo of the ouploto latersl denominator yiold tho

) m’.l:ﬂ.Mng approxs-tiouo for the roets as f\mctum of th- airoruft mum-.y

doriut.ivu: - . E , S
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Section 2 : T
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These approximations are based on the assumption that 7s and
Y p  are much smaller than 7, = or Q)ﬁo » & condition which

}

usually exists.

(e) AIRFRAME MOYIONS IN TRANSONIC FLIGHT
f.l'he, preceding diséussign has sho{m ihe types .of airframe motion B
to b§ expected at subsonic speeds. Some of the changes in the airframe
modés‘ of motion which occur in the transonic speed range'are discussed |
in the following paragraphs. | | I o
Conside'r firgt the phugoid mode of the airframe. At subsonic
speeds, this is usually a low danped; slow oscillatibn. The \mdnlped
natural frequency, as given in (II-28) is proportional to |
(Mw_ Pl -/1/“ zw—)é , where under normal conditions /‘/w, Z‘L
and X - AT ng;ative and Ma :l_s positive. The quantity Ma
is a measure of the change in pitching moment ca’nse@ by a change in
speed, and an increase .’m nose-up pitching moment usually follows an |

P

increase in speed; hence My 1o poaitivo.

_However, in the transonic region, the center of preuure moves
i

aft to a point where increasing speed decreases the pitching' moment ;
i.e., increasing speed pitches the nose down, tending to increase the

speed further. This is known as the phugoid "tuck-under,” charactsrised

physically by static instability with airspeed and mathematically by a
negative value for M& . ' '

| 11-57
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With /'1/4( nogativo, the q\n.ntity %'Zl{ M Z W~  ean booao

‘ noga.tive, in wh:l.ch case the phugeid qun.dutic c—di’ 4»2_£__-§ o /, : L B

bo.oc-u

A method of oontmllin‘ tho "t uck-under® ch;nctoriotio. by means of & |

stability aupmtor :I.n dilcuuod in Subsection r. \thich dul. with an oqui-

vilent stability derivative approach. = o e
A phenomendm similar to the phugoid “tuck-uider® is exhibited in the dutch =~ . b
roll mode .for com:ln airframe ‘oonfinntim. In this case, a dirootibnll di- E . O ‘
vergence 1- caused by the monlinear nrhtuu of the yawing mt. coefficient o b
C' with sideslip angle ,f For straight wing ainntt, the llopo of v 5
-l
i |,

C Vs //o e &, ) As nomny pesitive, ind:l.utiu static munty
with sideslip u.lo. However, some airframe oonﬁnntionl exhibit negative T

'\mluu of C 7y for large sideslip m:l.u, in which sase /l,{f . becomes neg- _ B
ative - and tu,, 0 becomes imaginary as indicated in (II-J.Z). The dutch uil ' o
quadratic then separates into twe first erder terms, one ef vhich is divergemt. |

Another problem encowntered at speeds near the transonic range is the in- ;
' ) ‘ ) o Q |
oresse in airframe semsitivity 2/,  steady state, This ratio canbe . . . N
investigated most easily by examining the longitudinal equitions with two | | i

degrees of freedom, 1.e, with (( and its derivatives equal to sere. Then
Equations (II-23) beoome, in simplified form, "

9]
"\

|
. . A ‘ ke
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In the steady state,

(z-47) S
4 =.§/-_"0° ='%(M %-—/‘Zf
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1 the change in this ratio on an airplane whose elevator stick forces are pro-
duced primarily by a simple spring is to cause wide variations in the "stick

- which stems from the aft shift in the center of pressure,

Section 2

For some airframe configurations, this ratio varies through :uxt.rqnpl,y
wide 1limits as the speed is changod in the transonic region. The effect of

force per g" c}qn‘.mct,oriotic. It is therefore necessary to a‘ugp’o,ntv the aero-
dynamic .olurac,t‘or‘il‘tics with a more elaborate artificial feel systam arid/orial -
stability augmenter to maintain the stick force per g within more narrow “

limits. The shange in '41%@___, ratio is due primarily to a change in /‘7&,_ .

The task of designing stability augmenters is oonqidordii; l:lnpliriod .
if a rough attempt is ﬁr-fc made to determine the ;o,ftocto of various aitfn-o
output quantity feedbacks on the system. This is acoomplished by means of the
equivalent stability derivative approach. ‘ o - ‘ \

(f) THE EQUIVALENT s_‘rmur! DERIVATIVE mmtc'll » ,
In the diacu’ii.on of the long:ltudm1 dynamics, a short sulury wu pre-

sented of conclusions drawn from an examination of the frequency response

curves, It should be remembered, howo"vor, that only single degree of freedom
ocontrol elsvator was examined., In cases &tho'ro there is oonplei ooup]:ln; of
control elements, the straightforward solutions to contrel 'j:mblm are not
always evident from the individual frequency responss curves alone, Therefors,
a‘ qomidenble an;nmt of reliance for preliminary design work in aix:crlft auto-~
matic oontrol is placed upom an w.ﬁtamm of the effects upon th§ airframe

'motions of varying stability derivatives; that is, the controller is considered

to create or augment airframe stability derivatives. In this procedure, a

5

b
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perfect controller is assumed; i.e., the controller is assumed to have

no time lags and no nonlinearities.

Since the problems of S'B;xgjgng‘ and

a .aciuation are ignored by this assumption, the procedure should be usr_ed

with caution, to insure that only ﬁmge éo:;,tz"_oll'ersl which are phyeically

realizable are studied.

An example of augmenting, or artificially changing existing stability | c

derivatives, can be examined by assuming thal.t‘ the airframe out)p'ut. quantity

& , the perturbation of trimmed forward speed, is fed to the elevator

~Section 2 -

PR Y
4

through a perfect controller. Then the surface motion (in this case, ele- - -

vator motion) is a direct function of & . In other words, the total-

elevator deflection from trim is
(Z-48) G f | -
7Ee= Ep + tjré_ “ (74
where Jé—:a is the elevator deflection couna.nded by the pilot
Jé'_. is the elevator deflection caused by the atability
AvG augmenter, .
kJ is the ratio of elmtor deflection to change in
€« forward speed, and .
(,( is the change in forward speed fm tr:ln .
SN
45"
II-61
7
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Section 2
Substituting (II-48) into the pitqhin‘j”,lucpt nq;atiqxi ot (11-23),

(E—4?)- /1/4 4 - //W G %Mw.)w--/- /é / \5'/6‘9;-_
. O/ o R
%Gl 4

: (11-50) -Wa 3 )a //v 5%/%‘,.):./-4(& 5)9=

= Yy
R . .

Note that by this artif:l.chl means the btasie airfmo ltcbinty doriutivo
Lo | Mu. has been u-.tod se that ST

(TS5 My o "M“’Li’ A,

78

By a ohihr precedure, using the = foree equatien of (II-23), it ean
" be shown that the basic derivative £, 1s awgnented in swsh a way that

(E'J’Z) zcuwa ’?a ’é:f

£ 1

z

a-

142
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'Seetion 2

Substituting these augmented or- equivalent stability. derivatives

into the expression given in Equation (11-28) for the phugoid natural

frequency gives

z o

By properly choosing l{:fé
can be made positive even in the transonic spéed range where the air-

, the qun.nt.i‘t.y under the radical. sign

frame by itself mmlly exhibits tuck-mider tmdenciee;

-Thus a cursory study of stability derivativee or, uthor, oqu:l.-
valent ata.binty derivativos , can give s prolimimry insight 1nto the
types of feedback required to acoomplish cer'uin runctionu. In tho
nbovo cuu, it vas found that 0 toodbaok can olimimto the t.uck-\mdor. ’

~ An example of the crution ot & new atability derivative occura
whon elevator doﬂoction il m- u nmction of noml eccolont:l.on n |
shown in Equation (II-M). ‘

| ‘(22-54) °rl=°6;’*'{z%al-
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~Section 2

where

k. 1s the elevator deflection commanded by the pilot

“a il a ' | . |
o(é‘A;J 6 is elevator deflection caused by augmenter.

Substituting (II-54) inte (II-23) will show that three new derivatives can be

~created, ‘These are

(Z-55) 'X%:f'{:f; XJ{

. Qa

With these additional derivatives, the twe degree of freedom equations,
(II-44) and (II-45), become

) (B ) -U)e-R, U= ey

(Z-57) =My M oy Jur (551 5) ~Maa A7 o,

(Z-58) (E)w~ - (U, »f)é——“ﬁ;a =0

-6 .




R ~ Voo \

o f
)i b
: "  Section 2 ¢ -
‘ | C% / . ‘
,~ A,.P i Sinultmmo oolution of tho abovo three oqutions for 44 J'
o : runltl in | '

* "“‘“) ‘_K‘PT‘ '.

T (12‘-5;9 dﬁ = EZ (s ‘m S +Q¢) |
1" ‘\lvhiri Q. and @, are the same as in (II-46)-and ..

1 V .‘ v |
: ';/‘Z?:/ d///((%*ﬂ,-//yzg ,,r]
“ .. } / é
~ S a;, -_--é ,qu,,///-)* /44/;/,4/1/ ,:_,)
< i . - z4'a_ .
N ¢ ‘

! ’ Two important features of normal acceleration feedback can be notod

| from (I1-59). Firet, the short period natural frequency and damping
E

' ut:lp are ‘a,.ltorod, and second, the steady state load factor umif.ivity_

: l v oan be increased or doc'ruud depending on the sign of fq a and
/W%_ as shown in (II-60).
@-t0) & /€ L WA 2L -G )
~ Zwﬂge'“/l/w-/fﬂo/% P =N z"’w_)
II-65
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‘ alwide range of flight conditions,

Section 2

The above discussion has illustrated how stability derivatives can be
created by making control surface deflections functions of airframe output
quantities, A similar discussion would show that the sta.bility derivative

L/w » which is plotted in Figure II-24, would be created by making

‘aileron deflection arfiinction of the yaw angle /W .

From the particuln‘i' example used here, it can be concluded that the use

. 'of normal acceleration feedback in a longitudinal stability augmenter ma.te-

rially affects the handling qualities of the basic a.irframe , not only from

the stability etandpoint. » but also from the control standpoint. By pro-
viding some means for varying /g'q as a function of flight condition,
the stick rorce per g charecterietice of the e.irtme can be optinized over

-

The effects of varying certain of then lateral stability derivatives are

illustrated by Figures II-18 through II-2. Many of the effects shown on the
~ curves are those expected on the basis of the Approximte factorizations.

Other effects, however, are more subtle and require mention. A edplete set
of these curves, for both the lateral and longitudinsl derintivee, is oon-

tained in Reference 9 .

For larger values of M__ ;{:Figure II-18), dutch roll damping improves
and the spiral root becomes stable. For very large values of /V,. s the

- dutch roll mode splits into two real roots, one of which has a rather long
‘time constant. It is interesting to note that with very large values of |

Ny o+ 800w mode of oscillation is introduced which has an extremely

© . 1I-66
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low frequency. The derivative /\/7~ hi"s,:little effect on the roll o

. subsidence mt.l

The curves for the derivative /\4, (Figure 11-19) show that a

. slight negative increase ca‘uus. the dutch roll to ‘go unstable. A la,i'ge

positive increase increases the damping and frequency of the dutch roll
but causes the roll subsidence rooct te drop off very ‘;'a;‘f)idly until .j.f; ‘

becomes unipibloa

Figure II-20 indicates that increasing- A}é has little effect on

either the spiral or rell subsidence mode. It does, iwwever; increase .)' »

the frequency of the dutch roll, Decreasing /¢, beyond a certain point

_ causes the dutch rell roots to become real, one of which becomes nog,ativpi.

Decreasing Zr » a8 shown in Figure II-2], has little effect on

‘any roots except the spiral reet- which tends te become stable, .

As is expected, the rolling moment ‘4/’ , Pigure II-22, due . to
rolling velocity has 1ittle effect on the dutch roll but sharply in-

fluences the rell subsidence mode. A negative increase of £ o, decreases

‘the Toll subsidence time constant and tends to make t;ho npiui mode stable.

The effects of varying L, (Pigure II-23), are similar qualitatively

to the other roll coupling derivative / > » There is very little in-

fluence on my"&f ‘the rooti, except that a positive increase tends to make
the spiral mode stable, | ' o

P
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| the pilot rnpouu 1n stabllisging and oontrollin; tho airphm.

Sectién 3

e N

The derivative L 4 does not uaually oxilt physically. Howevor ir
such a derivative were manufactured by an augnen;,ing device 3 its offoctl
light be something like thou nhmm in Figure II-24, Notice thnt the .
dutch roll mods is not affected hy the 1ntroduct:l.on of L, Ly » but thnt

new and unduimble roots aro crutod.

BETIGI 3 - THE HIHAN PIm'r ‘
In tho design of autontic flight oontrol -ylt-s, the duignor is .
d‘uling with a‘closed loop ‘lynt- comprised of the’ ;1rrruo, the human

" pilet, and the flight control system. The human pilot?s primary function
in the closed loop. is to sense imfrn from the desired flight conditions
and to actuate the control system to eliminate these errors. The design

of the flight control system must enable him to perform his itability '
and eontrollm‘nctiox'u as officioﬁtl& as possible. Thil roquiru a closed

-1oop mlylil of thc responses of the whele cy-tn to tuna:lmt dis-

turhmcu and to inputl from Ghe control surfaces or throttle. m},ittingl
any component of the system fm the analysis leads to inaccuracy, and
tharoforo it would be desirable to have a transfer function to roprcuut

| ‘rfh purpose of such a transfer function 10, of course, to determine
analytically the response of a human pilot :ln the performance of his
task, If the stimulus from the enviromment (or at least an idealised
vorlit;n of 1t.) oo\tld be specified as a tunotion of time, then a tnnafor

runction for the human pilet would cublo the subject's ruponu to be

‘ apocifiod as a nmction of time, Such transfer tunctionc of course cannot

II-75
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" Seection 3 ..°

describe higher-level, c!ocilion-mldng funotions of the human pilot, but they

'uy describe tbou ruponun, he has learned to make to ltilnl:l _ho upocto to

encounter in porfoming t.ho task for which he is tninod. Por onnplo, 1t. u.y
be’ pon:lblo to obtain a tunlror function spociryin; tho olmtor deflsct-ion '
trainod pilot will produce in response to a sharp wind-gult of the typo

encountered in rlying, but thero ia no hope thnt a tumfor tunction could pro-

q:lct the pilot'- ruponu whcn some emergency nooou:ltatu s rouomd deoision
| about the propor course te follcw, upochlly 4L the duilion hu -otioul
, comtation- for the p:llot.

Evm ir the attupt to obtain transfer functiono is lrll1tod to oitustiona
vhich hnvo booono routine for the p:llot through tuinin; certain major difﬁ.-
culties make 1jt. impossible to determine a uniqu transfer tunct:l.on.{ In the '
first place, the wide variability in reactien time and tproghold’. for sensory
porcopf.ion among diffdrant 1ndiv:l.dunlo lu'nl that a 'propond transfer fu‘hotion
nu-t include several parameters which can be varied. to acoount for these in- -
sdividml difforoncu.

'l'hin in itself is not too ur:lon & drawback., A flight

eoutrol systas dnignor oonld use mean values for thou parameters and thea

vary thea to oovgr the expected range of vpluu; however, experimental results
show that, given the same stimulus, three different pilots may respend in thres

. different ways.

The second difficulty is that a normal m:lvidul'l roqonu to the same

stizulus varies oonlidonb],y from t:llo to time, For- hutmoo, as the pilot'l |

attention varies, he may ignoro -tiluli which ordinarily would cause a response,

<

Thus, the pu.pt'_l threshold is not oonqt-mt for a givem: ltilﬂl\ll.v mrthomn,

11-76 4
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numerous stud:les have shown that a pilot nriu his ga.:ln, 1ncreasin¢

it vhcn necessary, or docrcuing it when ho 1. not cort.ain about’ whnt to do .
" ~or when he is simply ;nditformt. Another .ourco of variation in an ;lp—

) dividunl ;Silét-r'"-, resporise is his ability to Tp‘ro‘dict 1,31‘7&,‘1‘10\1' ways: He A
e _may use Ililpl., linear ixtnﬁohtioh, of 'hez uy, after being oipo,nd to. |

a varying stimulus for a time, be able to predict cempletely its future

> ., COUrse,

The thir(f difficulty, and tho most severe one, is thni‘ a transfer

function whi.c'h'udoqutol,y determines the pilot's response to one type of o \

input, uy to a step function, will not be nlid for a diffcrent t.ypo of
input, uy a sine wave, l"or any linear lylt-, the tnnotor function,
by definition, 1s independent of input. ‘

Moreover, there ‘are other npnlin;trition in ,hmn responses; as a
result, the total response to an input stimulus cannot be determined by
a linear transfer function. Alonc these nonlima‘ritiéu are the following
ohn.nctori-tico: tho mctio‘n-stho delay, during which no rupomo at
all 1- made; the threshold for perceiving the stimulus; the t.-..a.n., for
pilotl to underexert when trying to produce hrgo Zorces or disphc-onto
and to overexsrt when producing -ullnr forces or d:l-phc-mt; sensory
illu-:lom;' the upporboundl to forces or utu of lotion vh:lch pilots can
produco; the phenomenon of total predictionj tho nngo effect, in which
a subject, aftorqrobpondin; to & number ot otinuli of roughly the same

NS

intensity, will rupond in the same vay to a new stimulus of a much

11-77
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different intensity; and finally a random jerkiness which is found lupirilipﬂua o

on hmn responses, The conclusion is that it 1- hpouible to roprount

hmn pilot by a einglo linear tranufor function, even .ubject to tho reltric- e

l .

"A11 the lziown oxpcriment.n that have been conductod to invutigo.tc pilot
ruponu have hoen made lubjoct to the restrioction thnt the pilot was onga.god
in controlling on]; a single degree of fresdom. There is still hope that a
set’ of transfer fﬁnctipﬁn with variable parameters can be dovélopd which will

| appmxim"c,o within satisfactory limits the ‘pilbt"i response in certain. speci-

However, since the oxporilcntl to determine such appn':dntionv'l’
.h£10 all been conducted in situations dux‘l‘n;_vl‘nich the pilet vas dﬂn&d in‘ ‘
controlling a single degree of freedom, ho' \mn oonioﬁumtl‘; called upon to.
make only one type of response; therefors: then upprox:luto transfer functions
cannob be assumed applicable to situations whoro the piht is oontromn‘

uvml variables at once. This lm that these tnnoror bmctionl are not

necessarily valid tor prodicting the puct'a response in oupnutod nnoumo,

such as hnding or making ooonlmtod tm-. lbnvor. it is felt that thq

may be nlid for -ubiuty investigations, for example in stabilising the
wing or rolling

oscillation, They may also be valid for use in simple one degree ef trnd-

| emtﬁl problems, such as that ‘ronlf.ﬁin; when a pilet pulls ouwt of & dive or

enters a oclimb, The intelligent use of these transfer fmctionl, however, re-

quires that thé designer have a thorough understanding of their limitations.

oo




-0

]

)

) \\“ -

e

CL " : Section 4

. Sirxce it is not pracﬁical to present tlgis background material here, the

reader is referred to Reference 10, which includela' a compreheri'sive
sumnary of the information collected on. the subject to mid 1954, as well
as a selected bibliography. In addition, Reference 10 contains a de- ‘
ta.iled discussion of such pilot cha.racteristics as accuracy, threshold,
force 1imitations, and time lags.” ”

SECTION 4 - THE SURFACE CONTROL SYSTEM
One of the components of the over-all airplane system which has in

the past been considered roldtivcly unalterable tO the automatic ,flight\

- controls designer is the surface control system. For the purpose of this

discussion, the surface control system is assumed to include the cockpit
controls, the surface actuating package, all the .‘ascocifated -equipncnt “
which is necessary to intercormect them, and the force producer which is

uaed to provido artificial feel, . L E "f'

A typical elevator control system is shown in F‘ignre II-25. The
bobweight shown provides the pilot vith forcos proportional to airfmo
normal acceleration, and the artificial foel spring providea torcea pro-
portional to stick deflection. The trim motor is included to allow the
forcos to be trinod to zero at w desired s\irfcco triix angle, . :

Previous manuals in this series have been devoted exclticivoly to the
'hydraulic surface actuating system (Rcference 11) and to the artificial
feel system (Reference 12), and tlgo reader who is interested in the de-

sign of these systems is referred to these nmnh A brief discussion is

G
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~Artificial Feel Spring Hydraulic

~Confrol Valve -

Trim Motor
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N, Control
\ Surface
e e Cable qufauhc Surface.

Quadrant m,,f | €ctuator

 Fiqure T-25 Surface Control System

given below of those characteristics of the surface control system which Aro

“ loot mp'o“rhnt to the automatic rngm control systems designer.

Controller actuators can be physically connected into the surface oontrol
system by means of eit’er parallel or series eomection. The pcrallel connoc-

tion is identical to that of Figure II1-25 except for the addition of the con-

. troller actuator cable and cable drums shown in Figuro II-26, Por this type
of connection the controller actuator and t.he pilot work into uuntislly the .- |
same loads, and -otion of the controller act.mtor is reflected by eom-pondiu S

&

motion o&thov cockpit controls.

0 .
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Controller @ctuator - f,
Cable Drum —

4——-TO Forward - T i
~ Cable Quadrant To ‘qudrouhc
~ Quadrant

Figure 126 Surfoce Control Sustem Showing Purallel
~ Controller €ctuator nstallation ™~
The series :lmt‘lhtion (Pigure II-27), however, 5“pp11,.~ sigials ‘.

to th; surface actuator. witkp;xt m'tho—wckpit controls, and thére- . ‘

fore the loads imposed on the controller actuator differ greatly from

those of the parallel connection. Thess differences will be discussed \ V

in loro detail htoi;.

Bacause of the high loads involved, most present day surface actua- - -

tors are designed to provide 100% of the required surface hinge moment.

This requirement is met through the use of an irreversible hydraulic
urvé@ochmin opoutih;' from an nunihngy constant pressure source.

§

1I-81




(“’\

J—VW R

Section 4

~Control Stick

draul I
vo €ictuator

Iecfrobgdrauhc

Trim Motor
Grﬂflcml Feel

y Coe# f %'lcve

Forwar Cablc = {
Quadrant ﬂf@‘ua s : qu%%‘ﬂ:'ﬁ o rf““.

Fiqure 0-27 Surface Control System ‘Showmg Series
Controller €ictuator Installation

Among the characteristics Sf the surface actuator which are important to‘the.
automatic cbntrol.‘deaigner'aro the tilq constant and threshold, The time
constant is not of primary importance on a manually controlled nirplano'ainqo
the pilot is caﬁqble of rate judgment and can make necessary corrections,
within limits, fbr a large phase lag of the hydraulic system airframe qanbiﬂa-
tion. This naaﬂn that he can introduce a relntivoly large amount of phase

lead since the froquencigl involved are nauaixy low.w How&ver, the amount of
lead which can po introduced throﬁgh the ;utomatic flight contrel odui?lent is .
limited; therefore, it becomes important that the combined phase curve of the
automatic flight eontfol syst;n, hydraulic system, and airfreme allow the gain

I1-82
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to be adjua,tqd to givc“ntiafactory_contrbl of the airplane., Since the ‘
airframe frequency response is dictated by its designed configuration,

1t 1s unalterable,and since the phase lead which can be introduced by . .
the automatic flight control equipment is limited, the hydraulic actua-

tor must be capable of makiig the combined system function ut,ipf,actoriiyg
Therefore, it is essential that the surface control system designer |
coordinate closely with the automatic flight control system designer, to

_ensure that the two systems are compatible.

_ When the natural frequency of the surface actuator is cubitantia’lly :
higher than thlt of the automatic flight control system or tho r:l.gid air- -

tmo, the surfaco actuator can often be ropronntod by the followin‘ -

truufor rnnct:lom '

(m-é1) L A
S R

In Equation (II-61), ./ 4s surface deflection, O is valve deflection

relative to the airfrano_, /(h is the gearing between the actuator and
the surface, and 77, is the time canstant discussed above. The nl:ldit[
of Equation (II-61) should be checked for each individual };.t- because |
the construction of the h;dr,ulic‘ulvc my cause tho actuator to have |
higher time constants for small inputs. A ouploto discussion of this
phenomenon is given 1n Reference 11. -
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Another hydraulic system parameter which is important to the automatic |
; :L;é‘o,ntrél‘s ‘designer is velocity limiting which occurs when the hydvraulic control _‘
fv;lve haa.i:qen completely vopoxiod. This can occur when ‘the controller actuator

maxciium velocity is higher than that of the surface actuat~, [clerable linimnl ‘
for this characteristic should be dotcuinod during the mlylil md lynthnil phno -

of the autmtie flight control lyltul. .

~+ Another important nonlinearity ;f the hydraulic Bylti.l"il a very small

| ,f].;t.pét“ which occurs when the control valve is near noi!tnl. This ,fht.'ex‘)bt con-
"rl;i‘.ntnl of bofh é vth'reshoAld., because the valve must be moved through the valve over- .
lip before any flow occurs, andAa‘ deadband becausé the cylindcr pressure I/ult ‘
build up to overcame the cylinder surface friction. The uoond oftoqﬁ is \j'nnl,ly

‘the more important.

This flatspot manifests itself as a backlash effect l'l shown in F;guro
11-28, Backlash of this sort must be kept very mall to maintain ascurscy of
control and to minimise fluttor. It uldol exceeds a value of 1/10 domo of

- surface doflection. |

Aorodymio loads acting agaimt the hydraulic actuator may reduce the
‘aru imido the hysteresis loop so that the curve of Figure I1-28 clnngol to
' o’qe -hpwing lu‘i hysteresis plus a ‘thruho'ld,' .since f..he effect of nlv. over-
AJ lap is elimimt;od'. In tino’cau of the ruddér, where the surface is alignéd |
w:lth the slipsirean, the flatspot occurs at ncut.nl (trin) sas shown in l‘iguro

-

11-29,
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Surfaces like the ailerons and elevators generally have a hlnge moment a.ct:mg

upon them at trm so that the flatspot oceurs away from’ neutral. Figure II-BO

L }'.Lllustrates“athis type of ‘curve.

6'——>

uu'rh ﬂlrloods

Fiqure I-30 Hydraulic System Static Characteristic
In the transonic regime , separation may occur at the control surface, and

the aerodynamic load may be reduced to zero within the backlash range. This

“transonic effect agg’ravaites the control surface backlash, Furthermore, it may

‘introdﬁce, effective backlash into the airframe block.

[

Backla.sh itself bebween the surface tie po:mt a.1d the valve is effectively
preloaded out on some :mstallat:.ons by using two hydraulic cylinders, one of

which is loaded a;gainst the other.

11-86
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Section 4

Another surface control system characteristic which must be given .

consideration by the automatic flight controls designer is the load im= |

posed on the controller actuator. For the parallel installation shown

in Flgure II-26, the torque loads 1mposed upon the controller actuator

can be considered to be made up of spring, frlctlonal, and inertial ele-":

ments, For the elevator control system, ‘the effect of the bobweight

must also be taken into account.

The sprlng load normally censists of a sprlng gradient which is f

not necessarily llnear, and a preload as shown in Figure 11-31,

loads, assuming a linear spring, can be expressed as

(IT€2) Ts = Top. (s6n 5w Ko 5

j"

These‘

vwhere Cj is servo rotation, /ﬁé is the spring gradient, and where

nggn" denotes Malgebraic sign of." In certain qpplicatibns, the spring

grﬁdient‘is made the sum Of“a‘qonaﬁant value and a value proportional to

i

Ts |

|
Preload ( TSp) |

Fiqure T-31 Typical Spring Loads
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gsome function of airspeed to obtain proper feei characteristics. The breload
is imposed upon the system to dttain reasonable centering of control.even

though there is control system friction present,

Coulomb friction, which accounts for précticaliy allvthe frictiéﬁ&l,iba&é,~
is made up of contributiohs from several sourCes:,‘(l)‘c§bles and‘puliejs, ﬁhich
ivjia' : ~ give rise to friction conceﬁtrated at the pulleys buﬁ us;ally cbnéideré&»distri—'
. % - buted, (2) concentrated loads due to the hydraulic valve, and (3) bnnéeﬁtréted"'

loads due to bearing surfaces throughout the~instQIIAtion. In5a§diti6n t§ cou-

i after long period of control system inactivity. These effects are shown in

" e Figure II-32,

[Sftcfl,ob

“Coalomb Friction

55 —

" Velocity

lomb friction, there are‘ﬁhe high stiction forces due to the vilves, particﬁldrly .




e

N

»

(Z-63) T= 7, sew 05

“C

e final type of load to be considered is inertial and is due to

the masses of all the moving parts of the control sy:t‘em. If

weight is a part of the system, a large portion of the effective inertia

Sectian. 4.

The frictional loads; neglecting stiction, can be expressed as

a bob-

may be sensitive to the load fa‘.c,tor{ The inertial torque is then given N

&

by . |
z-e+) 7= K, (»-1) +Iaz;
where /{7-, ;lé the bobweight oonataﬁt in uszit toiéue at the acéua.tor '
drum per g, and "\ 1is the normal gccalgr#t:;on in g's, Equation (11461;) o
is plptt«; in Figute' IIV_-,-3;3.‘ L - '
3
29 :
g
0
-1
ficceleration
.
~ Fiqure II-33 Typical Inertial Loads
‘ - Ix-89 .
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The discussion above applies to both push rod and cable syatcﬁa‘where"

the push rods or cables can be considered to a.ct ‘I:l.ko" r'ig:!.,d‘ elenents. The

" total torque on the actuator shaft is then

A K

Eﬁ;ﬂv‘fa; 2 ZE

7, sow ot tALOz + T Sen oz

This toﬁl load must be considered very carefully to make certain that the

‘proper controller actuator is used. Note that the load seen by an actuator

7 which directly moves the surface (without full-power surface actu;tori) is

of the same general form as that discussed for the parallel mitcmtion.

The total load curve of (II-65) with the exception of the inertial loads,
¢an be v:lmlizod as a hysteresis loop .for any given surface amplitude, as ohown

" in Figure II-34.

It should also be noted that although backlash may be present somewhere

~in the system, tﬁo effective b.ckh‘sh from the valve to 'tho ocontroller actua~

tor or stick can be kept very small or often completely pnloadod out of well-

designed systeas.
The series installation, one example of which is shown in Figure II-Z'}‘,}.
is frequently ugod when stability Aau’gu‘ht’u.tion during pilot _eontroll'od tl:lgi:t

is to be incorporated in the aircraft, ‘It» :léi important to note that because

s

I1-9Q
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stability augmentation modifies the required feed characteristics, the
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-34 H stmsus Loog ora
thuren -4 qutcnl Control qt; tem

artificial feel system can be considerably simplified. A discussion of
this concept is given in Reference 12. | '

In the series installation, the aetuator is essentially an adjust-
able extondor within the cable or push rod systn. Por satisfactory |

feel characteristics, it is hporunt that the pilot be unaware of axw

system movement originating from the operation of the controller actuator;

f.e., movement of this sort must not be transmitted to the cockpit controls.

For' motion o get to the' valve, but not to the coekpit controls requires

an irreversidble anchor for the oxteqdor to operate from; i.e,, the

- o II-91
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.Ngmily, ho\iivpr, the load is made up of inertia and ooulnb fr%p_.ﬁiop only,

tor and the valve, It is ocuaiomny dniublo to place a port:lm of tho
feel springs and preload in this cirewit, The total lead 18 ‘thea

. S

'"(ZZ‘-,ééj S o r % SCA - +AL T3 + 7 sag?a— _.',_A_;;'.\_;_w_,.,-,_,g .

with almost all the friction lud being due to tiu valve, The 1oad seen by
a series n-unod ;ot.utor 1- therefore very Zsnlinear, and careful duip
is roqu:lrod to achicvo puctiul results,

mrml 5 - smNsoRs . ‘, )

To utilise tho airframe output qmt:l.t:ln listed in ‘l'cblo II-2 for auto-
matic oontnl. thcy must be s mod, or ®pieked up,'! by SOme means, ud this
section presents a discussion of sone of the’ dovicu wnoh are used for thio
purpose, A q\nntat:ln discussion of the nmuopo 1s prountod in Snbuctiq
(a). 8inece nuuopn m prohblr uod mere than any ether mr, it 1s

I
b

I

e e L
o - < i AEansit e sl e un i ol cad . — ¥ a,.
SR
’ ) fe © o E; o
sections > | ) R i ‘ '
" mechanical mpdanoo looking from the uotint.or toward the valve must be much ’ 0
| ‘lou than the impedance lnold.ng toward the oockpit oontrols, This 1- uiuslly ‘ :
accomplished by :I.nltalling tho actuntor as near the valve as pouiblo, and by
. . e ' ‘4‘:&15 |
'providing an :I.rrcvor:ibn.o mchor b,y a nochni- such'as a 2 detent, V. E S& T
. ‘ Lt ey e b o
‘The controller actuater load for tho series inmlhtion 1s then made up . '
gof t.ho ooulc-b friction and tho .'morth of the min; masses botwnn t.hc actu- A




| t.horough understanding of their porfomnco.
complete oquationa doucribing tho bohav:lor of the oomonly used foras N
| ‘of the gyroscope are der:lvod in the Appomiix.
(o) discuss the lpplioation to automatic flight control aymu of

" detectors, and ultitudo sensors,

| (a) GYROSCOPES

N
Qe

.

S S, . Sectién 5§

7y

important ror th:o; automatic fliéht cbntr'ol iysfc.n designer to have a

l"ox: this ;'ea;lbn,‘ the
Subuctions(b) through

socelomotors, logal flow dirocj;ion dotoct_ors, local flow magnitude
The section is sumsarised in sub- :

section (f) which includos a tab].o rohting tho airfrue output qunti- V

. © o ties to the sensors used in nunring them,

Among the airframe output ,qu'o,ntitios listed in Table II-2 as
available for uu'inj autamatic control are the dii'fmo angular dis-
placements (F, 8, ¢ ) and angular rates (f’f) 7).

"rhe device which has boen universally utilised for nming thno qnanti-

v

t.iu is the groloopo.

I'ho gyroscope consists of a rotor (gyro) spinning at high lpoed
and nountod in a set of r:lngo (gimbals) so as to have one or two. domu

},of nngu;ng freedom (see Figure II-35).’ - oo : -

Both "free" and restrained gyros are used for aircraft automatio
oontrol; however, in practice. épore are ulmost always some torques acting
to rolt;rict the rotational tro':eda of the rotor axis im some way, #0
that thers is no clear-cut distinctien M/ym free and restrained gyros.

o

N7

I1-93

<




° ‘ Section 5
Q 1’.'"«.‘ |
.. Outer Gimbal—

1 Airframe-

.‘““ \ N -

4 )

A K

Fiqure TI-35 Two Degree of Freedom Gyroscope
3
i Furthermore, t:hé,.sa‘me laws, the classic laws of' Newton, govern the behavior
1 of both types, the free gjroseope being only a special case wherein the re-
straining torques are sero, The vector oqutiono describing the behavior of
" the gyroscope n.re dor:l'nd 1n the Appendix, usin; the laws of Newton. For
purposes of discnuion thuo voctor oqmt:lonl un bo roducod to the lcahr ‘equation
(Z-67) & = L
Y 4
AN

' N AN
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plus the rule that the spin vector precesses t“owa.rd t"hovtorque‘ve'ctor.f

In Equation (I11-67), 7 }o is the angular voloc:lty ca.lled "prccenion" ;

of the spin axis, 7 is the torque applied to the spin axis, z(/’ -
is the angular velocity of the rotor about the spin uda, and 7 is

vtho moment of inertia of the rotor. Equntion (11-67) states that :lf .

torque 1s a.pplied tending to chsnge the ;nguhr oriontation of the spin B

axis, the spin axis will rotate (precess) about an axis at right mgleay
to both itself and the axis about which the torque is applied, and at a

rate proportional to the applied torque and inversely proportional to

the nroduct of the spin velocity and the rotor moment of inertia. The

latter product is called the "unnhr momentus® and is designated by
(- é5) ./7/.‘-.-‘ @ I

Then Equation (II-67) can be written as

which is identical to Equation A-21 of the Appendix.

The lav governing the behavior of the gyroscope is reversible, that is,
V.m 'unguhr velocity input results in a torque output against whatever
restraints are providod, and a torquo input ‘results in an ;mhr volooity )

output, In either case, Equation (11-69) Appliu.
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Section 5

| If i_no toi'ques are applied to the spin axis, the"gy'ro angular orientation
remains fixed with respect to inertial (celestial) space, and in thie con-

figuration it can be used to measure a.ngular dieplacement of its ca.ee, when

suitable pickoff devices are used t.o measure the anglee between the case a.nd

. the spin axis. ‘Gyroecopee of thie type are commno nly used in automatic flight

control eyst.ans to meaeur" 2 augular orientation of the a.irfrane, the so-

called "vertical" &yro being ueed to measure pitch and roll angle (e and ¢ )
- and the "directiom.l" gyro being used to measure a.irfme heading ( }é )e

VERTICAL GYROS
The vertical gyro is orientated as shown in Figure II-35, which shows the
gyro spin axis aligned with the airframe z a.xie. The gimbe.l orientations corre-

| spond to level flight, Vertical gyros are alwaye eupplied with an erection
E mechanism whose purpose is to keep the spin axis aligned with the local vertical.
The ei*ection‘ mechanism 1is required for \‘l'e‘everal ree.ecne. First, since the spin |
'axis tends ﬁo remain fixed with respect to inertial"eince, -the gyro would sense

tﬁe rotation of the earth and the curvature of the earth as the airplane is flown

-, at constant altitude. One purpose of the erection mechanism then, is to change

the gyro reference from celestial to terrestrial. Another reason for requiring
an erection mechani sm ie that it is impossible to fabricate gyros with friction-l
less gimbals, Thus, as the airplane rotates about sither the xor y a.xis, tox_j-
que 1s applied to the spin ;zte through the friction in the gimbal bearings,
caueing the gyro to preceee e.bout the other gimbal axis. Thie would cause an
nnpredictable mder of the gyro spin uie. Other undesirable torques are

© II-96 =
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two to six degrees per minute being typical. Many vertical gyros h;ve _

T TR ettt et et

’

caused by such factors as unbalances in the gimbals or in the gyro,
shifts of the center of gravity with respect to the gimbal axes due
to play in the bearings or differential thermal expgnia.ong or con-

vection air currents s’criid;‘ng the gyro rotor.

The erection mechanism for a vertical gyro coﬁemsts of two de-
vices (usually mercury switches), onezattached to each gimbal and used :
to determine the direction of the net airframe acceleration vector. c
Each of these switches operates a separate torque ,mqtbr‘to apply tor-
que about the proper gimbal axis to align the ‘apin axis with the air-
frame net. acceleration vector. Erection is nomuy cut out durin,g
a coordinated turn to prevent the gyro from erecting to an acceleration

vector not representing gravity.

To minimize the coupling effects between the dynamics of the erectionQ» ‘
system and those of the automatically controlled airframe, and to mini-

mize the effects of transient accelerations along the x and y airframe

axes, the erection mechanism is designed to operate slowly, rates of

two erection rates, the faster of which is used to provide quick erection

to minimize the time required for the gyro to become operable after the

eyet- is first turned on. @

o
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For those cases where the erection system natural frequency is much lower

than tha.t of the airframe phugoid, the gyro can be représented as a pure gain

“;and its transfer function becomes

)y Ve -
Sy

‘ where VG id the voltage from the &yro pickoff, This transfer function tends

to be more accurate at low speeds, since the phugoid period in seconds is
roughly equal to one fifth the airspeed in miles per hour. At higher speeds
where the phugoid and erection system frequencies are closer together, it may

be necessary to use Equation (II-71) for the gyro output voltage in the “longi-

tudinal mode. .,
. /,;
@7) Vo~ Kk 0+ *7 u
_ (< 7 52 f
—= 5 +/
o, T o
¢ ’ ,7 .

In Equa.ﬁj.on (11-711), u),,v is the erection system natural frequency, ({ is the
airframe accéiévation along the x axis, and 3’ is its damping ratio. Since the
erection system is quite nonlinear, the approximation of Equation (II-71) should

be used only when small deviations from the vertical are being considered.

" A photograph of a vertical gyro is shown in Pigure II-36,
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DIRECTIOML GYROS

Two degrees of angular freedom are also used for the directional gyro;
however, in this case the gyro spin axis is maintained in a horizontal pia.ne
by one of the to?queing motors and aligned with some specific compass direc-
tion (usually north and south) by the othér torqueing motor. The latter. torque
motor is usually energized by'the errof voltage. originatipg in a synchro trans-
mitter whose rof.or is attached to the gyro outer gimbal and whose stator is
attached to the gyro case. "The stator windings are excited by a remote com-
pass tra.nsmit’c;er. (see R_efe‘rénce 13 for a more th:ﬁuigh,disqu_ssion of the

gyro compass,)

In actual practice both the vertical and directional gyros give accurate
indications only when the gimbal axes are aorthogﬁnal. For example, reference O -
to Figure II-35 shows that for a pitch angle of 90° , the condition known as
"gimbal lock® occurs wherein the outer gimbal axis is aligned with the gyro
spin axis. For this condition the gyro is not sensitive to 1;011 angle., In
the case of the directional gyro, errors are introduced whonevér yawing occurs
in the presence of a roll angle, such as during a coordinated turn. The
equations describing these conditions are derived in the Appendix. ‘

RATE GYROS

The rate gyro makes use of Equation (II-69) by measuring the torque which
is generated by the gyro due to an ahgular velocity input. A single degree of
freedom gyro is used for this purpose, and the generated torque is normally |
absorbed by means of a spring which restricts the motion of the gimbal (.a.ee'

. 1I=100
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Fiqure [-37 Single Degree of Freedom Restrained 'Ggroscopxc
| (oriented fo sense rate of roll )

Figure II-37). Rewriting Equation: (II-69) to solve for the torque applied

to the spring gives

(IT-72) Tz o
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Section 5

where - is the airplane angular velocity, For a rate gyro mounted as shown

in Figure II-37, the equation becomes
(r-73) 7=

where 70 is the airframe roll rate., If the gyro of Figure II-37 is restrained
about the y axis by a spring constant '(5 » Viscous fnictioﬁ' & , and 9°u1°'¥b‘
friction F~ , and if the moment of inertia of the gimbal and spinning rotor |

about the y axis is Iy , then the system equation becomes

(Z-74) 7= ;&b’.—:[y A’), f&éy *+Alsov A, ) * 14), A;

where ’qy is the angular rotation of the gimbal about its axis, referenced to

the gyro case, If the friction is neglected, the transfer function is

“Yic,
(- 75 Ay =
‘ ) vt s 2S5
YR Wy

n

where

£
(27‘76 iy = — o S =_2~
) ,é'faj z-\/
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Section 5

*a

If an electrical pickoff is attached to the gyro to measure the gimbal

rotation, the equation becomes

g

(2Z‘t—»76) b = ‘Kf'qy?-‘ — -
| = 7 - y

“n &/

It will be noted that the gyro threshold due t.o_friction‘can be expressed |

as

(Z-7) =i

Resolution of potentiometers or thresholds of other types ;of pick-offs
must be added to this minimumn signal to obtain the total minimun detectable

signal.

Two forms of goqneﬁr;l_gal cross-coupling occur in rate gyros, one
caused by gimbal rotation when the gyro is indicating an angular rate and
the other caused by the effects.or the airframe angle of attack upon the
axis about which the airplane rotates. Both effects introduce error in the

measurement of the desired rate and intgoduce gyro outputs in response to

rotation of the airframe about other axes, The oquf.iona describing these |

effects are derived in the Appendix.

A photograph of a rate gyro is shown in Figure II-38,
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Fiqure II-38 Rate Gyro
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/Section 5

" (b) ACCELEROMETERS

Accelérombters are used to sense the linear and angular accelers"“"niohs
of the airframe. They consist almost universally of a mass of rela,tiveiy
high density which is constra.ined to translate or rotate against a rest.rain-
ing force or torque (usually a spring) as a result of applied acceleration.
The mass is usually a solid, although it may be'a liquid 9.8 in the case
of the bubble linear accelerometer or the 1iQuiQ rotor angulaﬁ' accelerometer,
Although these accelerometers differ somewhat in‘con's.fcmction details, the
behavior of most of them can be adequately described by a second order equﬁ
tion, To illustrate the met.hoq , the equation dgscribiné the behqvi’o‘_xr of

a linear spring restrained mass acceleromstst will be derived.

The schgma.tic diagram of the accelerometer to be é,o'néideréd is shown
in Pigure iI—39. Assune that the case of the accelercmeter shown in the
diagram has an acceleration  in a direction parallel to the accelerometer
sensitive axis and thit the sensitive axis is inclined to the horizontal
by an angle @ . ‘The forces acting on the sensitive mass ufo given by
the following relation: | |

(Z-78) py Y, *fmy #722, an/o=777( )/ )

where ')f,ais the motion of the sensitive mass relative to the accelerometer

case, & is the damping coefficient, A is the spring rate of the restrain-
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. ing spring s and A~ ,is the coulomb friction. Rearranging Iquation (II-78) gives

Py LR A

% '*;"—':SGA/);&" Y—Z s«véy o

C.

éz-w v f—

§l7v

I A S

Fiqure T-39 Schematic Diagram of Linear €lccelerometer

' 1
It will be noted that the motion or displacement of the sensitive mass is not
bropoftional to the acceleration of the case whenever a eompoxient' of the grav;lty
vector lies along the accelerometer sensitive axis. If the quantity on the
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Section 5

right side of Equation (II-79) is expressed by

then Equation (II-79) can be written as

‘e 8 L3 k = _ .‘
z-8/4) )’/m +5 Ve '7‘777- };C + se )/ a

Then, if a suitable pickoff device is attached to the sensitive mass so

that its motion can be measured, the transfer function becomes

Z A
+_é.‘.'s-//
o

(1—53) &L=

where /{, 1s the sensitivity of the pickoffin volts per unit distance.
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The motion threshold of the sensitive mass can be expressed as

To obtain the total threshold, the threshold of the pickoff device must be

added to that given by Equation (II-84).

It is of some interest to note the behavior of the accelermnéﬁﬁf for
various forcing frequencies, When the fr;queh,cy of the applied ac!cglera‘tion
is much less than a)n , the phase lag of the unit is small and the output ig
proportional to acceleration., When the frequency of the applied acceleration
is approximately egual to Wn » t.h_e phase lag of the unit is approx:imatelj '
90° and the output is proportional to the velodity of the accelerometer case,
Similarly, when the frequency of the case motion_ is much higher than Wy »
the phase lag is approximately 180° and the outpuf. is thprot;ore proportional

to the input displacement.

Typicél accelerometers which are currently being used as sensors in auto-

matic flight control systems are shown in Figures II-40 and II-41. Figure II-40Oa

shows the sensing unit of a bubble acceleranetef. It consists of a plastic
block containing a cavity which is almost filled with a semiconducting liquid.

" Motion of the bubble due to a#celeration, changes the resistance bet\yeen the
plate at the bottom of the cavity and the electrodes at. the top. Figure II-4O0b

shows two of these sensing units mounted in a case. In this application, the
sensing units are interconnected to form a resistance bridge. This type of

11-108
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Section 5

accelerometer can only be used to measure longitudinal and lateral accelera-
tions because it derives its spring effect from the acceleration which is
applied vertically through the sensing unit, This fact makes the acceler-

ometer sensiﬁivity‘ a function of the airplane normal acceleration,

The accelerometer shown in Figure II-41 is _of the spring mass;da‘mper
type. The seismic mass is mounted on the armature of an nE® coil pickoff, |
and the armature is attached to the accelerometer case th;-ough' a céantilever
spring. Da.mping is provided by £i11ing the 'chmber containing the mass with
fluid, o -

When properly oriented and located at the airframe center of gravity,

accelerameters can be used to measure 4x the forward acceleration, ay

" the aide'acceleration, and (lz the vertical acceleration.

An accelerometer can be used to give a reasonably accurate indication
of sideslip angle. Equation (11-85) gives the transfer function for ay/o(’_

o
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S‘ecﬁion 5

Equation (II—85) can be rewritten as

(Z-86) Qy = p&+Y S

* { ' y - ’ ’ S
since =/ /(/ , and since 2;: ): (/o . If a signal proportional

to og_, is subtricted from Ay , the resulting signal is proportional to

sideslip angle, ‘S‘ince sideslip angle and side velocity are related by the ex-

- pression ‘
(Z-8) y=U

side velocity can aleo be obtained by this method,

In a similar manner, the airframe a.ngle of attack can be obtained by meane

of a normal accelerometer. The airframe 1lift eoerfieient is given by

(,ZZ'—&?) C 7 W
?8

where {a 1is the normal accelsration, W is the airframe veight, f. is
dynamic pressure (I‘f / U ¢ ) , and S 1is the area of the wing. In terms of
angle of attack ol , the 1lift coefficient can be expressed as -

(-89 (= (2444,

where Q is the 1ift curve slope and Q is the 1lift coefficient when

o
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AL =0 . Equat.:ma (11-88) and (II-89) gives

N

o }5

(E_ %0 ) C(_Q:X -+ :,-

Selving for o, . e ,v 3

This relationship is sometimes used to compute angle of attack for

fire control purpo'ae's»'.

(¢) IOCAL FLOW DIRECTION DETECTORS .

It would be desirable in many cases to sense directly the air-
frame sideslip angle & and angle of attack o< so that these air-
frame output quantitiles could be used for automatic control. Siﬁce
these angles are defined in terms of the relative wind, their direct
measurément involves measurement of the relative wind direction, or
the direction of relative motion of the air as it passes over the air-
frame. This is usually accomplished by means of a vane, a probe,

duql pressure pickups, or some similar device.

-
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Section 5 .

Direct meaéurement of th‘eso q‘uant.it;_ies » however, suffers from the rather
serious disadvantage that the direction of the local flow is not a direct in-
dication of the desired airframe output quantities because of the disturbances
which éxist near the airfi‘ame. At subsonic speeds, these disturb‘a.nces" extend
for some distance ahead o:t" the airframe. C,bnsequently, the true angle of

attack or sideslip must be computed from the indicated angle., Additional dat.d,_

" such as indicated airspeed and Mach number, are usually requ‘ited to perform

this computation. Moreover, the éharacteristics of the sensors themselves are
diffieult to predict by analysis, and it is often ne‘éessa.'ry“ to determine them

by experiment, These two disadvantages require that a fliéht test program be

" conducted to determine a suitable location for the ssnsor, to determine the

§

‘sensor characteristics, and to determine the equation relating true ang_lea to

indicated angles. Because of the above disadvantages, these devices are

-normally used only for special applications, such as the measurement of rocket

jump angle for fire control systems. Since their use 1s quite qpéciiﬁ‘ieé.,» o

no further discussion will be presented here,

(d) I0CAL FLOW MAGNITUDE DETECTORS

Iocal flow magnitude detectors are actually pressure sensors and are used

to give an indication of the velOcify at which the va.it.'.'t‘:ame is moving through'

the air. Depending on the equations to which these sensors are mechanized,
their outputs are proportional in the steady state to indicated airspeed, true
airspeed, Mach number, or differential pressure. These devices are used as

primary sensing units when airpseed or Mach number is being controlled directly,

II-114
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or as a means of changing controller characteristics as a ,f\irj_ction o:

airspeed to compensate for charges in airframe characteristics,

Since the dynamic characteristics of local flow magnitude de-
tectors depend to a large exbent upon the characteristlcs of the pitot-

static system into which they are connected, it ia not considered

‘practical to present a detailed discussion here. However, it can be said

that these spnsors can often be approx:imt.ed by the following tra.nsfer

function
(z-92) V= _ K‘, S
P ,;_,,:.LAAJ,%@,S,,)(E%)

where V' is the sensor output, /o is the pressure prelepfed to the
sensor by the pitot static system, 5 and <4, are constants describing
the sensor mechanical system, and 75 is the tﬁl-O constant describing .
fhe sensor pressure system. Usually, the dynamics associated with 5‘
and %’v are unimportant, but che time lag 75 may become large
enough to requiré consideration. In addition, the characteristics of
the pitot-static system should be carefully an'aiyzed baeﬁ.iii’; thi;'qn-
is often characterized by a larger time lig than 7;., » |
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(e) PRESSURE ALTITUDE SENSORS
Pressure altitude sensors indicate altitude by measuring the static air-

pressure. When used as primary sénsors for automatic control, they must have

an extremely low threshold if the altitude ‘control loop is to be easily

stabilized. Like most pressure sensors , the sensmg element usually consists
of an anemid bellows' the requirement for low threshold is often met by re-
positioning the belﬂzows by 8ervo action after a change in altitude. Care
should be taken in mounting these units in the airframe, for they are some-
times sensitive to linear and a.ngular accelerations., In addition, the static

air line connected to the unit should be carefully selected to minimize the

"time lag in the pressure changes presented to the sensor. The static pressure

system should also be studied to determine the ‘effect of airfrane angle of

attack on the pressure in the system. e -

(f) SUMMARY

.

To sumnarize the discussion of sensing elements, the basic quantities of

Table II-2 are repeated with other quantities added; possible sensors for

measuring these quantities are also listed. -
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Basic Output Quantity
. longitudinal ‘

« forward velocity

¢~ vertical velocity

F pitching velecity

@x forward acceleration

da vertical acceleration

o< angle of attack

" .6 pitch angle

& pitching acceleration

A altitude

Basic OQutput Quantity
lateral

v~ side velocity

,ﬂ rolling velocity
7~ yawing velocity
Qy side ac:eleration

74 ya.w‘ angle
;.l: Yaw acceleration

/ roll angle

. ﬂ} roll acceleration

5 sideslip angle

Section 5

Sensor

{ Sometimes limitod to special conditiona)

Aoulerometer; local flow mgnitude e

detector

‘A_ccelemet._ojr;‘ Local flow ;di-'rjectionj

detector

Rate gyro

' Accelerometer

Accelerometer

Accelerometer; Local flow direction

detector
Stabilized gyro

Angular acceleronotor- two linear
accelerometors

Altitude sensor

Sensor

Accelerometer; Local flow direction
detector

Rate gyro

Rate gyro
Accelerometer
Stabilized gyro

Angular accelerometer; two linear
accelerometers

Stabilized éyro; Rate gyro

Angular accelerometer; two linear
_accelerometers

Accelerometer; local flow diroction
detector

Table II-3. Semsor Appliut‘idn
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smnon 6 - THE SYSTF.!{ CONTROLLER
The system eon,troller is the nerve center of the a.utomatic flight eontrol
system, Its functions are: | | |
1. To accept signals from the sensors or command sources

2, To modify these signals as required by different component.
characteristics (e.g., converting a¢ to dec electrical

signals)

3. To effect signal phase lead or la.g as required for desired system | _
‘ response, ‘ :

4, To amplify the signals to a pover level sufficient for operation
of the servo actuators
Since most present day automatic flight control sy.tems convey information | ‘

by electrical means, the control unit normally consists of such devices as

electrical modulators, demodulators, émplitiere , phase:shifting -networks N ' O ‘

summers, limiters, and switches to provide the functions lietec} above, Basic
elements are normally the vacuum tube, the transistor, or the ﬁa.gnetic ampli-~

fier. Each has its limitations. Compared to the transistor, the vacuum tube

is heavier, larger, less efficient and less rugged. It is more linear than

the trmsistor; ‘however, and higher amplification is pos‘eible. Since the
transistor is relatively new, it hee not been used until recently for aircraft
epblieetione. The basic limitations of currently avallable transistors are

their gain change due to ambient temperature variations end. their failure wnder
high fqnperature conditions, When the temperature problem has been eolvegi,
transistors will probably largely replace most vacuum tubes for flight eontrollex;e,

since their light weight, small size, and low pawer requirements, as well as

their resulting low heat rejection are ummatched by other amplifying elements.
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‘The magnetic amplifier is the heaviest and the bulkiest of the three,
‘and its frequency response is inferior to the transistor or the vacuum  ;",'

tube. It alsc‘)‘ suffers from high temperature problems due to ‘the

Section 7

Aghaxfac"oéristic,s of currently available rectifiers.

The transfer function for the system control unit cannot be
presented here since it is determined complétely by the over-all system

requirements and by the characteristics of the other components., The

system control unit transfer function is one of the outputs of the system

synthesis procedure discussed in the next ch&pte,ri It ',:ie.;the.one_

completely alterable élement in the system.

SECTION 7 - CONTROLLER ACTUA'I'ORS

 The basic purpose of a controller actuator is to change the output

' signals from the system control unit to a fomm suitable for application

to the surface actuator so that the surface motion can be made some
specified function of the controller output. Since ‘the controller out- L
put is usually electrical, and the required input to the surface actuator
is usually mechanical, the controller actuator must be a device which
transduces a voltage into a mechanical displacement, As discussed in
Section 4:of this chapter, the mechanical load which the actuator must |
displace is quite nonlinear, and for this reason the controller actuator
is normally made to function as a poeition servomechanism, The fnllowing

. brief develo;ment derives the equations for a positieon servo working into

a load ec‘ms‘isting of a typical surface actuating system,
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Fiqure I-42 Block Diagram of Loaded Poéﬂ'.lonal Servo System
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‘
P Figure II-42 shaws a generic block diagram of a position serwo. No
h* specific type of actuator shoyld be inferred from the diagram. The diagram and
F :
b . the following development are valid for any actuator which can be adequately
0 ~ ‘
; :y, represented by the two blocks shown. Both the two phase ac motor and the electro-
ioal o iy
! ; { hydraulic actuator which are discussed latei-in this section fall into this - i1 |
o L. - : g,
g classification,
e b
L In Figure II-42, the a.ctuator inertia is assuned to be part of the 1oad 3
5 il
IR and the time lag between the application of the voltage £ and the resultmt 4]
£
z; } output torqug or force is assumed to be negligible. The oonstant A7 Te ?
] ? represents the slope of the actuator torque-voltage curve at, zero output velocity, -
K T ‘ represents the slope of the actuator torque-speed curve, \/ Q ’“
11-120 q 1
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is the control unit output voltage, and g— 1is the load displacement.
The torque or force applied to the load is given by | o
The load equation of motion for series actuation was given by .
Equation (II-66) as
Z6) 7a TS 7 G w2 7, soncs 44573
!

Equating (II-66) and (II-93) and rearranging gives

oo s ‘ & ~
(Z-99) -0y = L% + 53,557 % + Ta0 59405 K2 4% A7,

| A5

From Figure II-41, .

z-95) €= V- /. 03
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Substituting (II-95) into (II-9k) resijllﬁsin

CIf K;_ is very large, (II-97) reduces to

CZI—'%)—-OE
Solving for O
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This result is in agreement with the intuitive .conclusion that if the

output torque can be made large enough for small voltage inputs, the

actuator is essentially irreversible and therefore actuator position
is independent of the load. In practice, of course, this condition

cannot be achieved exactly; however, it is approached by using a

positional servo with very high open loop gain,

Many types of actuators have been used in automatic flight control
systems, Among these are: '

1. Continuously running electric motor with power output
controlled by voltage applied to a magnetic clutch,

2. Armature controlled dc electric motor

3. The two phase. ac electric motor

L. Hydraulic actuator controlled by electrohydraulic valve
5. Relay-controlled dc electric motor |

Of these, the most popular have been the two phase ac motor and the
electrohydraulic actuator.

The two phase ac motor is normally used only when the load is

relatively small, since it is difficult to cool this type of motor

for siges above 1/7 horsepower. This motor requires two phase
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excitation, one phase being excited by a fixed voltage and the other phase

by thé servo amplifier. The output torque is roughly proportiona; to the

product of these two voltages when they are 9d° apart in phase, and the

direction of the torque is determined by the polarity of the‘controlvvolé

tage.

The open loop transfer function of the unloaded two phase motor is

givén by

where .J is'the motor inertia and 8 is the slope of the motor torque-speed

curve. The time constant 7  is caused by the winding reactances, and is

. usually less than lA& %g . If the load is composed only of inertia and

damping, the transfer function of (II-QQ}) still applies if J represents

the inertia of the motor plus the load and B fepresents the damping of the

| motor plus the load.

In addition to displacement feedback, it is usually found necessary in
practice to use rate feedback to obtain satisfactory damping. The closed

loop transfer function in this configuration is

- (Zzifﬁﬁia) %%: = Ao

5% 2 Sw,, S+ &yt
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Ko 13 7 more seenance sow oo

The winding inductance lag, LG hu ‘been nogloctod 1n (u—mo). Ae
1n tho case of Equation (11-99 ), Equation (II-lOO) aloo ‘applies. ror

. _tho loaded oondition it the values of J and B used in Equation
'(11-100) memo the m inertia and dazping. Typical values for

w,, are .5 to 20 ndunl per, noond, with ‘. td,juotod u duim |
between 0.3 md 0.7. . ' oo - | (i
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Section 7

A photograph of a two phase ac servomotor with a built in rate’ géﬁe’rator is

.shown in Figure II-43.

The electrohydraulic servo actuator is be‘coming‘ m’ér‘e, and more popular for

,f'_light control application, This popularity arises from the followmg a.dva.nta.ges*

1. ngh natural frequencles easily obtalned
2. 'Low electrical power requirements
3. High power tc;‘ weight ratio
4. High force to inertia ratio
5. No practical size limitation; available in sizes varying from fractional
horsepower to many horsepower
Physically, the electrohydraulic é,'ctuat_:or consists of a hydraulic ram which
is controlléd by an electrohydraulic valve. ' Although several manufacturers

produce electrohydraulic valves , most of them are similar in operation. A typi-

~cal valve which is used for flight control application is shown schematically

in Figure IT-ik.

The operating principle is quite simple’. 'l‘he electrical signal moves the
fla.pper between the two nozzles, unbalancing pressures P and P t.hus
causing displacqnent of the valve spool. Since the valve' spool is spring
loaded, the displacanmt of _tho spool will be» p_ro;ﬁort.ioml to the unbé.lance

in pressure.’

II-I% ) %
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% - fdjusting

Pg System Pressure.,

- Fiqure 44 Schematic Diagram of

€lectrohydraulic Valve

A typical flow curve for a valve of this type is sketched in Figure II-45.

. Flow Rate

" Input Corrent

ﬁ_n; Figure I-45 Coil D erential Current €lectrohydraulic
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Section 7

In practice, the electrohydraulic actuator is used as a po,si»tién

se1vo as shown in the block diagram of Figure II-46.

Xo

Fiqure Ii-4.6 Block Diagram of Posifion Servo U nG
9 an Electro qdraugsc fctuator #e

The amplifier transfer function is assumed to be the constant
K + The time constant for the valve coil RL circuit can be
neglected because it is usually of the order of one-half millisecond

or less,

Using the methods developed in Reference 11, the actuator-load
network diagram is constructed as shown in Figure II-47.

. II-129
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S B =L E S L
T Fiqure I-47 Actuator-Load Network Diagram
. The equation of motion of the above sisth is
- Z-10). [47,5%+ (8, +6: )5 +4 ] X = 4
[ where X, = output motion of the piston relative to cylinder (in.)
. . /2 = differential pressure across the piston (1b/in.)
1 * /4 = area of cylinder
; . & = damping between cylinder and piston (1b sec/in.)
’ 5, = damping of load (1b-sec/in,) |
* M, = mass of load (1b secz/in,.)
" 4 = spring rate of load (1b/in.)
. II-130
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Two additional equations may be developed for “the cylinder flow

relationships:

(1Z- /02) 7= C L —C/, 3

where j— = cylinder flow

£ = valve differential current (proportional to
valve displacement)

,_ = gzt (slope of the valve rlow"curve)

]

C,=CF
f’_aﬂ

and

22
(Z-/03) } =ASX, + 4 6%_

The term C ol is analogous to the slope of the torque-speed curve
for an electric motor and gives rise to similar damping effects,
In Equation (II-103), /

[-4

= spring constant of oil within cylinder,
Equations (II-102) and (II-103) may be combined to form the equation,

Gl A Ko
/43 C.f

2 2

(Z-r0#) R =

1I-131
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It is convenient to introduce still another relationship describing
*

the force source ( f ya ). A virtual servo output displacement A

(which is fictitious physically) may be visualized as acting through the

oil spring —»é, to pi‘oduce diéplacanent of the piston (or ac’cuai' seriro

-

output). Thus the resulting force is.

(z-125) P r=rl (X% X)

_ Equating (1I-104) and (II-105) results in’

XS d ) A x =
C » C ”
or
S o -
(Z-106) X (550 v h )odos X, =4
/42.
where BC = is the effective damping due to flow
7 C o
and ,é = '4"1-. is the effective static servo flexibility,
, also due to flow ' : '
y o
II-132
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Equations (II-101), (II-105), and (11-106) may be combined to form

.the open loop expression

(ZI-107) . .
Xo = A , | ééc | L o
I m %o 63,«-[4;, (4 *5;),¢4,¢{]3‘,«@(&+4)+£/4’+@)3+£ 14,_ :

Equation (II-107) may be simplified by comparing the values of 'c‘erta._in‘
parameters of the phy;ical system. Since } > E + '5

and /é > %é , this equation may be approxlmtely factored,

yielding

£ 4,
@5,«1)[»/5,%9 48 4 2o M)s # é’]

F/og) X., -

or

(Z-107) Xo = - Ko
L (?’64/)( + 25’ 5‘+/)

11_133 . °
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where A, = »é /éf
- P,
.ZI;,L = - ’éé’/(_

=
I

2zt = St B LM
am - £ ’5&/‘,

The effective damping temm b’c/g is usually very high, yielding an .

‘ ‘ /
extremely low first order "break frequency,” (d?; = ”,;:' < 1.

. rad/sec, Conversely, the undamped natural frequency <4, =-/Z:;;; .

may be very high since the oil sﬁr;lng constant is ielatively large and the '

load mass is often small.

‘With the information now available, the block diagram of Figure II-46

may be redrawn as shown in Figure II-48,

Equivalent |

e|
| Open Loop

Figur ' uyalent Block Diagram of an
f‘?‘?“ I[' 40 E :Cf?pqumuhc ﬂcggmf of
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Section 7

~ The equivalent open loop of Figure II-48 is .

The Bode plot corresponding to Equation (II‘-llQ) is shown in Figure II—I;?.

"6dbs.t
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Fiqure II 49 Bode Plot of an Electrohydraulic fctustor
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Figuﬁe 1I-49 shows that the loop may be closed so that the closed 1oop'
approximates a :irst order system, up to a relatively high frequency, and

possesses low position error coefficients.

he ~ ---= iaop transfer
Since ;% , is normally much less than .- - nop trhng i

AL en

(1) Yo pe Andis b
& Y

From Figure II-48, the closed loop transfer function then becomes

() Yo = Yo
vV

7
S+/
A M

The approiimation of (II-112) tends to be more accurate for a serieslihstalla—

tion, since the mass of the load is then smaller.

A photiofraph of an electrohydraulic actuator is shown in Figure II-50,

'
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CHAPTER IIT
DESIGN METHODS

SECTION 1 ~ INTRODUGTION

This chapter discusses a procedure’ for designing automatic flight '

© control systemss It is, of cour;e,_not‘the.gnly method bj which a .

successful design can be accomplished, but it is a method which ex-

peritence has shown to.be quite satisfactory. A qualitative discussion

,qf the procedure is presented in Section 2 of this chapter, and Sectionj

3 illustrates its use by tracing the actual design of a stability aug-f

menter which is currently in operational use.

SECTION 2 - SYSTEM DESIGN PROCEDURE
(a) PRELIMINARY ANALYSIS

The preliminary steps in tﬁe design of any system are, of wuraé,
concerne:i"‘v‘vit}} the determination of the system requirements, 1In the
case of an auton;ét*ic flight control system, this must usually be-

accomplished by first detemmining the over-all requirements of the

" airframé-automatic flight control system combination.

The requirements for the complete airplane system originate from '
two major sources: Military Specifications and Govermment Operating
Requirements. Present military s;;eci'i‘ic,ations for flying qualitieés
of piloted aigcraft are b'a.sed to a |large extent on a series of .fligﬁt

test investigations and the resulting opinions of the pilots,
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‘Desirable atabi];ity and control characteristics based on these studies are

contained in the military specification of Reference 15. Along with

tion states minimum requirements for the following: e

1.

2,
3.
L.
5.

‘other considerations dealing with pilot comfort and safety, this specifica-

Dynamic stability of the airframe longitudinal short period and
lateral dutch roll modes

Static directional and longitudinal stability
Spiral divergence ‘
Control forces

Maneuverability

The specification referred to above is intended to apply primarily for

the conditions under which the airplane is being controlled directly by the

pilot through the manual controls. This spec;fication is of interest to the

automatic controls designer, however, because of its effect on the surface

controls systems and because it is often necessary to provide atability aug-

menters to ensure that the specification is met,

Although a general specification for aircraft automatic pilots has been

used in the past to establish requirements for the performance of an airplane .

III-2
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Section 2

under automatic control,¥ differences in tactical requirements, differences

in the function performe& by automatic flight control systems, and differences: B
in airframe and surface control Systans characteristics have created a t:end |
. toward the preparation of a detail specification for sach system. This de-
tail specification is usually prepared jointly by the custoin_er and the con-
. tractor after giving consideration to the Govermnment Operétin'g Roquirements

‘and the airframe and surface control systems characteristics.

A set of Govermment Operating Requrémenta (or'pen abhrevj.ateci GOR)
is issued by the governm'ent for each type of 'airpla.ne purchased and usually
fohns a part of the contract. The GOR contains those airfran;q_ requirements
which originate from tactical conéiderations of the aircraft mi‘asion. Some

examples of these requirements are listed below:

1. Stability in excess of the flying qualities specifications
2. Minimization of steady state sideslip
3. Pilot relief during crulse

‘4. Automatic steering during rim,'bmbm runs, or landing approach
"5. Cruise control for maximun range or maximum endurance |
6. Climb or descent control '

7. l{ach control

#A proposed general specification for automatic flight control systems has
been circulated for comment, but as of this writing, this specification
“bas not been released. A new specification, MIL-C~5900, bearing the title
WGeneral Specification for Automatic Flight Control Systems," (Reference 18)
‘ was released 25 March 1955. However this specification consists merely of
@ the 01d Air Force Specification No. 27500D with a new cover sheet.

I11-3
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0

7, Altitude control

8, Automat’ic terrain clearance -control

The requirements for. the complete airplane system, as obtained from the

military spec;.i‘:.ca.tlons and considerations of the airpiane mission, are used

| to derlvn the requ:.rements for the automat:l.c fllght control equlpment a,fter

the characteristics of the control'l.ed element have been determined. |

DETEﬁMINATION OF THE CONTROLLED ELEMENT CHARACTERISTICS
A detailed study of the airframe characteristics will show the mddes of
automatic ‘control that will be réquired to ensure that; the complete airplane
system requirements are met, This study can be made in the preliminary design
stage of the airplane, since the airframe characteristics are established at _
this time and preliminary stability derivatives will be available. This stud;f O
can conveniently be made by means of the airframe perturbation equations. ‘ |
Approximate airframe damping and natural frequencies can be obtained by means
of the approximate factors for the airframe equations of motion. It is often
helpful to plot these quantities as a function of }‘Ia;ch nunber and altitude
to aid in establishing critical areas. Bode plots are then constructed for
as many flight conditions as necessary to verify those flight conditions which
éppea.r to be most critical. Preliminary information regarding which airframe
output quantities should be controlled can be determined from the Bode plots,
as discussed in Section 2 of Chapter II. Airframe damping can be obtained on
the analog computer by examination of the airframe transient response to im-

pulse type surface deflections. The study of the effects of controlling

III-4
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various airframe output quantities is usually made by considering the
controller and feedback elements as simple gains, This procedui'e is
directly analogous to the one used in Chapter II, Section Z2e in the

discussion of the -équivalent stability derivative approach.

The results of the computer study will establish the requirements
for the automatic flight control system, for they will show whether
stability augmentation is required, and will indicate those airframe

output quantities which should be controlled.

(b) ANALYSIS AND SYNTHESIS

At this point in the design procedure it is helpful to construct
a preliminary functional blo;:k diagram of the automatic flight control
system. Information used to construct this diaérgm comes from many-
sources, The study conducted in the preceding phase will provide in-
formation regarding those airframe c')‘utput ;quantities which best lend
themselves to control as well as those airframe input quantities which
show the most promise of providing satisfactory control. A knowledge
of the state of the art of sensing devices is valuable here to establish
which of the possible airplane variables suitable for control can be
satisfactorily measured. In general, an intimate knowledge of system
requirements and the characteristics 6: the various elements, couplad
with a detailed understanding of the possible means of achieving the
ends required, is the main basis for selecting the proper elements for
composing a functional block diagram.

I11I-5
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The configuration of the functional block diagram Wlll indicate the
types of sensing devices required, since the dia.g;'a.m will show which .air-;v
frame output quantities must be controlled. This will indiéate whether
accelerometers, rate or displacemént 'gyros , local flow ma.gnitude‘vand direc-
tion sensors are required, or whether some combination of these or other éen—
sors mo. te used, Even though the specific units to be used are pot chosen
at this point, good judgment is required because it is not always wise to:
measuré directly the quantity being controlled. For example, it is shown
in Section 3b of this chapter that sidésiip angle can be measured betfer
with a .lateral accelerometer than with a local flow direction detector.

It is decisions of this sort that ﬁust be made at this t.ﬁne. Final selec-
tion of sensing elements is usually made in the latter part of the analysis
and synthesis phase.,'e:aft.er the effect of varying sensor dynamics has been

determined, and after the required physical nature of the sensor 6utput has

4 .

been decided (i.e., electrical, ac or dc; mechanical, éte‘.)

A detailed i‘unctior;aJ. block diatrm can now be drawn which shows all
signal paths and the types of sensing and actuating elements to be used.
The next step in the design is to determine the. desired characteristics
for the controller and for each of the other alterable blocks. A brief |
summary follows of the degree of alteration which may be a;vailable to the

flight controls designer for the various blocks in the system.

II1-6
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Airframe. In the preliminary design phase, certain airframe pé.ra.meters
can be modified to some extent for the purpose of simplifyin"g the 'aut.o—
matic flight control system requirements, Many of the airframe para-
meters however, must be established by other considerations, such as
maximun altitude, maximum speed, and landing speeds. When the airframe
design has progressed beyond the preliminary gtages, it must usually
be considered unalterable by the automatic flight control system de-

signer, unless some completely unacceptable characteristic is revealed.

Surface Ac'tua.ting stt;an. If time scheduling permits, it is extremely
advantageous not to finalize the design of the surface actuating syatf.an
until after the funétional block diagram has been constructed. At
this time, decisions have been made concerning the type of automatic
control required, and it is often pouible_' to achieve great simplifi-
cation by integrating the manual and automatic actugting systems. In |
addition, it is sometimes found to be impossible to achieve satis-
factory automatic control when actuating devices are :equir.ed. to
operate through manual control systems that were designed without
giving consideration to the stabillty augmenter or autopilot. To
insure optimum performance for the system combination, it is de- '
sirable if the same ato;;a as ﬁxose outlined ﬁere for‘ the design of

the automatic control system can be followed iaimulta.neously for the
manual surface actuating system, This procedure permits the integra-
tion of the pilotts force producing mechanism and surface actuating
mechanism with the stability augmenter and autopilot. |

u1-7
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3.

Lo

5.

Controller Actuator. The alterability of the controller actuator is some-
what limited by the characteristics of the surface actuating system since
this system makes up a part of the load of the controller actuator. This
restriction establishes the range of aécept)able maximum output torque or
force, and establishes the method by which the force or ‘:borque is trans-
mitted to the surface actuator. Aside from this réstrict.’;_.on, the con-~-

troller actuator, as in the case of the sensing device, is alterable with-

“in the limite¥ef available off-the-shelf items or of units which can be

3 S
developed in time for use,

Sensing Devices. Sensing devices are limited as to type by the block

diagram. They are alterable within the limits of available off-the-shelf
items or units capable of being designed in time for use. It is sometimes
economically desirable to use a device alreadf in the aitplgxio if no serious

compromise in performance is caused by this choice.

System Controller. This unit is completely alterable. It is this block
which is used to compensate for the characteristics of the other blocks
by providing equalization and amplification for optimum system performance.

The exact procedure used to determine the desirable characteristics for

each of the alterable blocks depends to a great extent upon the anoﬁnt of pre-

liminary information available before the study begins, the degree of altera-

tion available, and on the individual preferences of the designer with regard .

to such techniques as root locus, Bode plots, Nyquist criteria, and analog

I1I-8
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Section 2

computation. In addition, it is always necessary to make some basic

~assumptions, since it is never possible to take everything into con-
sideration, These assumptions should be carefully listed in great

detail for later verification by actual test. These considerations
may modify the procedure outlined below; however, the procedure is

auffieiently general to cover most cases.

If no initial conditions have been established for the sensors and

,actuat',ors (they are alterable within the limits of available off-the-

shelf items or of units which can be designed in time for use), it is fre-

duently:y advantageous to consider these components as 'slﬁnple gains
in the initial stages. Using the airframe perturbatioﬁ equations,
Bode plot and/or root locus studies are then made for inner loops

or, for those parts of the system block diagram éapable of being
analyzed separately. The purpose of these studies is to determine the
equalization and gain necessary for satisfactory gyéten perromnceo.
If the part of the system under analysis is complex, the results of
the paper study should be verified by means of the analog computer.

The next step should be to incorporate what are considered to
be realistic dynamics for the sensors and actuators and to repeat the
Bode plot and/or root locus studies. Any necessary chapges in system
equalization or gain can be determined as well as the effects of ﬁry-—
ing the characteristics of the sensors and actuators. The results of

this study should also be verified on the analog computer.

III-9
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!

As a result of the above study, the tolerable rangeé rcr the characteristics
of the sehsing and actucticg elements can be es‘tcb,lishe;dr,‘ and a catalog search

can be made for the purpose of ghoosing specific compcnentc. If ccmpoqents ﬁt’h
éhe desired characteristics are‘not available, itv will be necessary t‘cl‘ai initiate
the design of such components, or to evaluate the deterioration in system“pex"-‘-

formance due to shortcomings of components that are available, or to rearrange

the functional block diagram to pel‘l;lit optimum use of availabie’ component s,

After selecting actuators and sensors, thelline,ar static and 'dynamic
characteristics of thece components shc.uld be incor;;crated into the mathematical
model representing the system under study., If these characteristics are different
from those considered above, the equalization and system gains previously chosen
'ghould be checked.” This can be accomplished either by Bode plot and/or root

locus studies, or 'by the use of the analog computcr.

The analog computer should also be used t_o study the e¢ffects of the compo-
nent nonlinearities. These studies frequently suggest redésign or shifting of
physical equipment or modification of equalization so that the undesirable
effects of the nonl:\neariti:es can be m?.nihized. '

After the above procedure has been carried out for every part of the sys-
tem which can be separately analyzed, the warious parts should be combined,
adding one part or loop at a time, until the entire system is rcpro?,lent:,od,-

III-10
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After completing the perturbation studies, it is sometimes advisable
to extend the analysis and synthesis phase of the design pfpdédurq tb‘ in~

clude a study of syster performance when subjected to large scale maneuvers.

The complete, six degree of freedom airframe equatioris of motion s‘h‘_ould be

used for this investigation. The decision as to whethe‘:_r such an ext?ensioh
of the analysis and synthesis phase should be made depends largeiy on the
conﬁguratibn of the automatic flight control syst'emviq.x‘;d, on the charq,cter-
istics of the airframe. If the automatic flight eontrol‘systeun cc.;nsists
of both lateral and longitudinal channels, the study utilizing the cénplet,e ’
airframe equations of motion should almost certainly be made, since ex-
perience has shown that systems whose parameters have begn adjusted for
optimum performance for small disturbances from level flight are not ne-
cessarily pmperly adjusted for large disturbances.;.“in fact, such systems
may be completely unstable under thes.e conditions _‘(s'oe.Re’f‘erence 16 | Do
Even when the system under design consists merely of a‘si:ngle cfnnnel
stability augmenter, the per.f._ommce of the system during large scale
maneuvers should be determined if the airframe exhibits strong inertial
coupling (as most supersonic airplanes ‘do). The gecglj;g of these studies
may reveal that no set of parameters provides u;c.iafactory performance

for both small and large disturbances, in which case it-my be necessary
to rearrange the functional block diagram to utilize other airframe out-
put quantities which will provide satisfactory performance. |

III-11
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The desired result of the above study is the detailed system block dia.gram,ﬁ

with the characteristics of each block completely specified.

~ As mentioned earlier, individual preferences may place more emphasis on
the use of the analog computer or some technique other thé.n that indicated here,
In addition, if intentional nonlinearities are included, some of the more recent
developments in the analysis of these 'n}echaniams should, of course, foe‘ ﬁtij.iZQd

(see Reference 17 ).

(c) PROTOTYPE SYSTEMS

The prototype systems are ti’xe physical manifest.a.tioxis of the mathematical
models for the equalizers and other components, which were derived in the pre-
ceding phase, At least two versions of the prototype systems are usually
fabricated, the first of which is a developmental model. A developmental model
(sometimes called a "breadboard™ model) is normally constructsed from layout
sketches and wiring“schemtics » rather than from formal dxjawings; I’_c is usually
constructed in such a way that it has the desired functional ctnl;actgr;at:pcs;
however, its physical layout may be different frqm that anticipated for the ‘pro-
duction system. For example, the developmental model for the elect?xjonic portion
of the system might be constructed on any convenient chassis, utiliping any
convenient 'physical arrangement of coupox'xents but would consist of the circuit 7

1

configuration planned for the production versi#n,
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Section 2

The developmental model is utilized for initial component and
sys‘ta'h‘ ‘tes’oa to detemmine ‘how accurately the physical equipment represents
the mathematical models.. These tests irclude the de’temiﬁa.tidh of compo~
nents and system frequency response, loading effects, linearity, satura.tion ‘
| levels, switching transients, noise characteristics, etc. The develop-
~mental model is also used to conduct qlosed loop flight simulation_ tests
. as discusased in the following subsection. The ‘gquipont is modified - |

' "when necesury, as the teating progresses,:

The preprodnction model is the second version of the prot.otype equip-
ment which is nomally constructed. It is designed and fabricated dur:l.ng
. the test progran of the developmental nodel. This preproduction model o
theretore reflects the results of the developmentsal model test program
a.nd, in addition, is designed and packaged for simplicity, reliability,
| and prodncibillity. The tests discussed above are repeated for the ,pi-a-
Aproduetion system, and in addition, the preproduction system is ﬁtilized
for test stand and airplane ground and flight tests as discussed in the
following subsection. "

(d) IESTING PROTOTYPE SYSTEMS

Many special devices have been developed during the last few years
which facilitate automatic flight control system tost,_i:,ng. Some examples
are ultra low freduency oséiildtors, mechanical sine wave generators,
force and displacement transducers, force prbducera, direct writing
oscillographs, and automatic curve plottipg machines, In addition,
at least one ldnutactnrer has developed a device which gives a direct .

II1-13
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indication of amplitude ratio and phase lag.for conducting frequency response
tests. In lieu of this device, frequency responses can be detemined by Te-
cording input and output sine waves simultaneously on a direct writing '

| oscillograph. Amplitude ratios and phase angles can then be computed from

these traces.

Initial tests for a prototype system are made on the individual compo-
nents. As discussed previously, these tests are made to determine how accurately
the physical equipment represents the mathematical models that were derived
during the synthesis prxasé. These test results are usually in the form of in-
put-output relationships and show such characteristics as f:fequency response,
static gain, and linearity. Frequency responses should be obtained for seveﬁl
reprcsentative amplitudes at frequencies throughout the frequency range of
interest for comparison with those _ssumed during the synthesis phase. When

the component tests have been completed, and the components have been modified

as dictated by the test results, the developmental model is subjected to system

tests, in which the components are interconnected in the came mﬁ;ner as for
operational use in tﬁe aircraft. The characteristics of the sensors, the sur-
face actuating system, and the airframe are simulated by means of an analog |
computer, and representative loads are applied to the controller actuators.
Modulators, demodulators, and scale changing devices are used as necessary

to make the analog computer signals compatible with those of the controller.
The system can then be operated under conditions which reseible those en-
countered in flight. Complete system open and closed loop frequency rnponsoi

oy

111I-1,

0




P

s Rt

o e e T
S = o e TN &y

hie

. .
SRt ey e s

_'Sei:tion 72'

1

can be o,bta’.ined, as well as system transient response to representative

"inputs. These data can then be compared to the results obtained during

the analyeis and synthesis phase when the entire system was analoged.

The results of this comparison will reveal any differences between p’r'e‘f S

dicted and actuzl performance of the prototype system when operating
with the airframe and surface control system., Of course, the accuracy
of the results is limited by the accuracy of the simulation of the air-

frame and surface control system,

A more accurate representation of operational conditions ip ob~ )
tained through the use of a control syst;ne test stand. Since this‘
involves the use of the physical components of the surface actuating
system, errors which might be introduced by its simulation are eliﬁinated.
Additional and more realistic tests are permitted because the human pilot
control loop can be closed, thus simulating actu?@l flight. '

A typical test stand consists of a steel framework upon which are
mounted all the essential elements of the actual éontrdl ‘system of the
airplane. These include the complete surface actuating system, pilott's

seat, cockpit controls, and artificial feel devices, Pilot control f&rcen :

which originate from effects such as the force applied to a bobweight due
to airplane acceleration are produced artificially by r‘o'rc.o-producingv |
devices which respond to signals from the analog egmputer. The auto-
matic control equipment to be tested is installed on the test stand in

a manner representing as closely as possible the actual airplane installa-
tion, Simulated aerodynamic loads are applied to the control surface by

means of mechanical or hydraulic springs and dampers.

111-15
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A pilot's display is often included to simulate as many as possible of the

Visual stimuli to which the pilot responds in flight. Cockpit instruments which

’.ax"e comnonly simulated are the g-meter, airspeed indicator, .a'ltimeter‘, artificial

horizon, turn and bank indicator, and flight path 'indica‘.térs. For certain
applications an cccilloscope may be employed to simulate compu’ging gun ‘Q,ight,

indicators and pilot's automatic fire control displays.

Figure III-1 is a view of a simulator from above and aft, and ‘show,s the
rudder, the elevator, and one aileron. .The control cables and hydraulic system |
are Jocated beneath the catwalk and cannot be seen in the photograph, A view
of the cockpit area showing the pilot?'s seat, the control stick and rudder
pedals, the actuator of a force p,roduéing device, and part of the pilot's

displgy is shown in Figure 1II-2,

As in the case of the bgnch simulation, the airframe dﬁmics are simu-~
lated by means of an analog ;ﬁmputer. The computer inputé are voltages pro-
portio‘nai to control surface deflections, and its outputs can bev voltages
proportional to any or all of the airframe output quantities. The;se voltages
are then used to operate the pilotts display equipment, the simulated force
producers, the controlled plat'forms' (when these are used), as simulated sensor
inputs to the controller and for recording airframe response on the oscillo-

graph.
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Section 2

The controlled platforms mentioned above (occasionally called

®tilt tables™ or "roll t.abiea") a’re sometimes used to préduce physical

inputs to the motion sensors. This equipment usually takes the form of
a platform whose angular attitude is. controlled, in one or more degrges

B . of freedom, by signals from the analog computer. By this means, physical

inputs can be produced for rate and displacement gyros and for low range
lateral and longitudinal accelerometers when the qeppor;_'ai'e mounted on

the platform. Technical difficulties associated with obtaining adequate

| ﬁk‘; ' speed of response for large platforms have in the past restricted tl;e use
of such devices to applications requiring small displacement of sensors
of relatively low inertia, except for special research jz;;otqmtiona.
When a controlled platform is not used, the sensors u'ol:lnuhtod by

| means of an analog computer,

| Additional equipment is required to make thé form of the signals -

i in the simulated equipne;xt compatible with those in the real equipment.
For example, the angular rotation of the control surface must be changed
,, ) to a voltage before it can be used by the analog computer as an input

{ to the airframe e';;mtiona. This is usually accomplished by a potentiometer

type pickoff which is attached to the control surface. | Modulators,
‘ demodulators, and scale changing devices are used to change the form and

B : level of electric signals.

- .-;.‘,m:m;,m ———
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Section 2

A block diagram showing a setup for testing & stability augmenter or

one cﬁanne‘l of an autopilot oxi a control system test -stand is shown in ‘Fig‘ur‘e

III-3.

Without using a human pilot, open and closed loop frequency responses
can be obtained on the test stand and compared to those of the complete system
analog which was developed during the synthesis phase. Since mosy surface
control systai_xs are somewhat nonlinear, the effect of input _é‘mplittide on the:
frequencf response should be determined., If the nonlinear effects are greater

than anticipated, design changes can be made so that the undesirable effects

of t}xe nonlinearities can be minimized. If a sinusoidal force is required for

use in conducting the frequency response tests, this can be conveniently ob-

.tained by means of the bobweight force simulatdr, if one is available, by

applying an electrical sine wave input to the simulator. Stick-free transient |

tests can be conducted by deflecting and then releasing the proper cockp1£
control manually., A method of obtaining system response to arbitrary force
inputs consists of applying the deeifed electrical function to the bobweight

force simulator.

As mentioned previously, the use of the test stand permits additional and
more realistic tests to be conducted for those operating modes in wﬁich the
human pilot is included in the control loopa' For these configurations, tests
can be conducted with a pilot sitting in the cockpit and "flying™ the simula-
tor by observing the instruments mounted on the pilot!s instrument panel.

Such tests permit pilot evaluation of a system much earlier in the design _
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program than by any other method. Since actual operating conditions

are much more closely simulated than was the case when the entire system
was analoged, the test stand pmvides information that would otherwise
be obtainéd only in flight. This reduces the magnitude of the flight
test program, Qﬁite realistic tests can be arranged for certain condi-
tions which arise due to the tactical mission of the airecraft. For
example, if the system under test is a stability augmenter whose purpose
1s to é.id the pilot in aiming his 'v;rea.pons , & simulated tracking condition
‘could be mechanized, including the dynamics of the gunsight. Por this
.condition the gun sight pipper might be represented as one trace on the

face of a dual beam oscilloscope, the other beam being used as a target

system parameters can be papidly determined at a sufficiently early date

to pémit any indicated design changes to be conveniently made.

Another important application of the controls test stand is found

i in investigating the results of possible component failures which might

a systematic program is conducted to effect various failures such as tube
failures, and open and short circuits. It is usually wise to obtain
results for these tests both with and without the pilot in the loop,

since experience has shown that the pilot sometime® causes a more severe

maneuver than if he had not reacted at all. In those cases where there
is any question regarding the structural safety of the airplane because

Y

- of component failurea, tests of this nature are almost ma.ndatoi-y‘

111-22

indication., In this manner, the effect on tracking proficiency of varying -

cause sudden, large amplitude, surfaco deflection. In this application,
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Section'2 .

because of t’hé_ danger involved in deteimining these ‘eft,ectjsf in"
flight. |

The greatest limitation in ground tests involving the use of the
human pilot Iies in the difficulty of adequately simulating the cues

to which he responds in flight. Although a pilot's disblay‘ can be

constructed which will adequately supply the piloi with visual stimuli

to simulate instrument flight, for non-instrument fiight the pilot
r‘espohgis in some unknown way to such cues as the apparent motion of.
clouds or the earth and the position of the horizon and other air-
planes. Completely ignored are the effects 2f such factors as his
physical orientation, and the acceleratioxis to which he would be sub-
Jected in actual flight. For these reasons, test stand tests should
be restricted to {:hose condition* in which the effects of thu above
limitations are considered unimportant. ' |

At the completion of the test stand program, the prototype equip~
ment should be installed in an airplane for ground tests. These will .
provide verification of the results obtained on the test stand. If
a flight simulation program was not conducted on the test stand, the
procedures as outlined above should be carried out with the airplane
substituted for the test stand. In addition, tests should be con~-
ducted to establish suitable inspection test procedures to be used

for the production system.

Io1-23
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Section 2

Flight simulation tests on the airplane are conducted in the same

‘manner as outlined for the test stand. All the comments made above with

‘ respeét to test procedures and test equipment for the control system test

stand apply to the ground airplane tests, including the use of the analog
computer to simulate flight, If.'an extensive prog’fam has been conducted

on the test stand, this portioﬁ of the airplane ground tests will p;fobably
be Limited to verifying that the perfoﬁnance of the system on the airplane
does not differ significa._ﬁtly from the performance observed on the test
stand. This can often be acco’mplishéd without the use of a human pilot,
but with the aerodynamic loop closed, by obtaining frequency and transient
responses for comparison with previous test stand results. Conversely, if
the test stand was not utilized, it will be useful to carry out airplane '
ground tests similar in nature and scope to those mentioned in the discussion
of the test stand. As mentioned previously, such tests hé,ve thé dual ad-
vantage of saving flight time (and therefore c’ost) and of determining the
effects of varying system parameters much more raﬁidly than could be

accomplished in flight.

Inspection test procedures are required to ensure that malfunctioning
components are not installed in airplanes when the aystem reaches the pro-
duction stage. In addition, most automatic flight control systems require
individual adjustments after installation in the airplane to compensate for

component and airplane toleraﬁces. Procedures for accomplishing this must be

developed and written in such a way that the tests can be éonducted by -

III-24
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‘mechanics or technicians not familiar with automatic control system

‘ the type of system being tested and on the amount of ground test that

Section 2

'theory. Since these test procedures ‘are often quite ccnplicat.ed,

even for a single channel stability augmenter, “:Lt is almost ma.ndatoq N
that experiment be relied upon to some extent if a realistic test
procadure is to be developed. A method which experieace has shown

to be setisfactory consists of first writing a preliminary but de-
tailed test procedurs and then carrying out this procedure on an
airplane at the earliest pessible date and modifying as necessary. D

The first system available for this test will normally 'bo ‘the prototype
system installed in the airplane used for ground tests. )

The final evaluation of the operating characteristics of an auto-
matic flight control system is, of course, made by means of flight test.
The magnitude of the flight test program depends to a large extent on

preceded. If a thorough flight gimulation program has been conducted
by means of either the controls test stand or airplane ground test for
a system iIn which the airframe dynamics are adequately simulated by
the linearized perturbation equations, the flight test may consist of
no more than verification of the results previbusly obtained on thev
ground. For more complex systems, however, such as a multi-channel
maneuverable autopilot, some development work and optimization of
system parameters must be accomplished during the flight test éhll@. i
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Section 2

This condition arises primarily from the effects of those airframe and pilot

characteristics which were neglected during the previous tests.

The same airframe output and 'input‘ quantities which wer.e recorded during
ground tests should be recorded in flight. A sufficient fumber of additional
dquantities should be recorded to facilitate ;mlysis of syéteu,n operation i'n
the event that unexpected modes of operation oc;‘c:ur'° In addition, those quan-
tities which define flight condition and airframe c’onfigurat;ioﬁ should be

recorded. The recording devices for flight test normally consist of a photoF

graphic type recording oscillograph and a motion picture camera. The oscillo-

graph accepts voltages from the sensors and transducers s, and the camera is used

to photograph an instrument panel (usually called a ‘Mphotopanel™) upon which
are mounted duplicates of applicable pilot's flight instﬁmen’qq. ~ Sensors for
flight test instrumentation can be any of those discussed previously for use

with automatic flight control cystems.

The initial stages of the flight test program should consist of a re-
petition of those te's'ts which were conducted in the flight simulation ground
tests to verify the results obtained there, Depehding on the type of system
being tested, it may then be desirable to extend the progfan to those condi-
tions which were not simulated during ground tests. These may consist of
simulated tactical situations or large scale turning maneuvers involving
considerable coupling between longitudinal and lateral airframe modes which

are difficult tu simulate on the analog computer. Since these represent new

III-26
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Section 2

test conditions , the results of this phase may call for some redesign

or readjustment of system parameters,

(e) . DESIGN OF PRODUCTION COMPONENTS
The désign of the production components caﬁnot be said to occur
chronologically at this point, ‘Sut it should be completed at approxi-
'mately the same time as the flight test program for ‘t;he, prototype
equipment, It can be said to begin at the time the sensors and ac?‘:‘ators
‘are chosen. Design work then continues throughout the syxfith;eaijs and
| analysis phase, utilizing the design requirements whigh are derived there,
until the system controller has been designed. This nomally completes
the preliminary design work, and the preproducéﬁ’d.on system is fabricated
to these drawings. As the preproduction system tesf;ing progresses,
design changes are made and the equipment modified as the‘tut' z'omli'.a.~
dictate. In this manner, production design work is completed at the ~
conclusion of the flight testing of the preproduction system.

The results of the design procedure to this ﬁbint consist of the
system and component detall specifications and a complete set of draw-
ings. These are used by the production facility or bty an outside

vendor to manufacture production components.

(£) TESTING OF PRODUCTION SYSTEM
'Three tasks remain to be accomplished at this point:

1. To establish test procedures to be used for routine inspection
of production components and mtun .

II1-27
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Section 2

2. To verify that operation of the production systen does not differ
significantly from that of the prototype

- 3, To conduct qualification tests.

One method of conducting inspection tests for the individual compoénents
is by meané of a bench standard system. To construct the berch staﬂdaféd, de-~
talled tests are conducted on each component vf the automatic flight control
system untll a complete set of components is found whose characteristics fall
.approm.mately in the center of their individual tolerance bands. This set of
components irs then intercomnected in a nommal manner to form a complete opera-
ting bench standard system. Additional equipment, such as céntrolled platforms,
Junction boxes, signal sources, simulated actuator loads, and measuring and
recording deviées, a,t'e required to operate the bench standard system. Routine
inspection tests are conducted by substitutj.ng the cdmponent to be tested for
its equivalent in the bench standard. Its operation is then checked with the
standard components. The inspection tests should, of course, be as brief and
as straigt;tforward as possible since they will be conducted by nontechnical
personnel',‘ but they must be of sufficient detail to ensure that components not
meeting the requirements of the drawings and specifications will not be accepted

for use,

In the first prtduction airplane installation, the inspection test pro-

_ cedure previously derived with the aid of the prototype system should be

verified. As mentioned earlier, this test provides a check of system operation
for the airplane installation and a means of making any necessary adjustments.

¥
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Section 2 -

This inspection test procedure is used for each airplane installation

throughout the production run.

To verify that the operation of the production airp‘l#ne ina"b;lla.tidn
does not differ significantly from that of the prototype system, it will
usually be necessary to conduct more extensive tests than those of th§ N
routine inspection for the first production instal) .- .. Despite good

intentions, some differences will always exist between prototype and

_ production systems because, in general, they will not be‘fab'rica"b‘od by

the same people or to the same drawings. The prctqtypé~ system is made
to the preliminary drawings and then modified during prototype testing
as dictated by the test results. Due to the pressures of a tight |
schedule, these modifications are often made in haste and may therofore
not adhere to good design practice. Such def1§iongios would, of cqur.a-e,’
be corrected in the production version, but these cha.tgge,l,rsonetime.s have

unexpected effects on system operation. For example, a change in the

"design for an actuator mounting bracket between prototype and production

has been known to cause ipstability‘ in the production system due to time
lag introduced by a reduction in structural rigidity. To determine the
magnitude of such effects, open loop frequency resﬁonn tests ahotﬁ@ be
conducted as well as tests to determine the system threshold and back-
iuh. If these tests reveal significant differences from the prototype
system, the aerodynamic loop should be closed by means of the analog
computers to determine the effects on closed loop operation.
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| To provide final evaluation of the production system, a brief flight
test program should be conducted, This may consist of repeating a few Qi‘ thg
tests that were conducted for the pre,iaroduction system. If a thorough ground
test program has been conducted, flight test for the production ;iystexh"vshould

be quite brief and may be ac‘cbﬁplished in one or.two flights.

In addition to the quality control maintained by the inspection tests,
the military services dezpand assurances that flight equipment will have an ‘.
adequa.te s<a;vi’ce life and will operate satisfactorily in any' enviromne{}t |
iikely to be encountered. These assurances must take the form of the results
of tests performed in accordance with certain military specifications. The
military specification uf Reference 19 establishes uniform procedures for
testing aeronautical and assoclated equipment under simulated and accelerated
climatic and envirommental conditions. In the past, actual tests to be con-
ducted have I;een determined jointly by the customer and the contractor.
Applicable paragraphs of Reference 19 were then called out in .the detail
specification for the system. A recently propased specification¥* calls -
out explicit envirommental tests for each type of automatic flight control
system. These tests must be conducted on production components, and it is
desirable to perform the tests as early as possible so that any indicated
design changes can be incorporated before an appreciable portion of the pro-

duction contract has been completed.

*Se‘e‘footnbte,, bottom of page 11I-3.
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Section 3

SECTION 3.- AN EXAMPLE DESIGN PROBL®M

This section describes the step by step procedure which was

- used in the actual design of a stability augmenter. Although the

system discussed is relatively simple compared to a complete auto-
matic flight control system, the problems encountered in its design |
are sufficiently typical to illustrate the design procedure dis-

cussed in Section 2.

(a) PRELIMINARY ANALYSIS
As indicated in the previous section, the first step in the
design of an automatic flight control system is the determination of .
the requirements, and these in turn are derived from the requirements

for the complete aircraft system. To simplify this analysis, only

the lateral directional requiraments are considered here. The airplane

under consideration is a rocket firing jet fighter and its*mission is
to intercept and destroy bomber type aircraft through the use of an’
automatic fire control computer. The mechanization of the fire control
computer used is pased on the assumption that the airframe sideslip
angle is zero. On thisAbasis, hit probability considerations require
that the sideslip angle he less than .005 radians at the time the
rockets are fired. On the basis of the mission described above, @he'

following airplane system requirements can be listed:

I
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‘1. Spurious lateral directional displacements must be minimized to permit
a smooth tracking run to be made,

2. Transient sideslip angle must be minimized and steady state sideslip
kept less than .005 radians to provide satisfactory hit! probability.

3. The flying qualities specification for the damping of the lateral

directional oscillation must be met.

Requirement No. 3 iinposes a minimum damping ratio no larger than :
0.15.% Since a damping ratio this low would permit a considerable amount of
spurious lateral directional motion, Requiraﬁents 1 and 2 ake more severe.
?herefore » & system meeting Requirements 1 and 2 will easily meet the dutch
roll damping requirements of the handling quali’.cies specifications. Assume
that it has been determined (by analog computer studies or by some other means)
that the basic airframe will not meet the dutch roll damping requiranents of
the specifications, and therefore that some form of stabi;ity augmentation will
be required. The immediate problem consists of detemining the type of auto-
matic control which shows the most promise of ensuring that the above require-

ments are met.

(b) ANALYSIS AND SYNTHESIS

One commonly used method for augmenting dutch roll stability is to make’
the rudder deflection a function of yaw velocity (# ). This tends to augment
the stability derivative A , and as shown in Figure II-18, will increase
the damping of the dutch roll mode. Although the yaw rate damper tends to
reduce dynamic sideslip, it in no way minimizes steady state sideslip angle,

and since this is one of our requirements, another device would be required

| to accomplish this,

*At the time this system was designed, the specification of(Reference 20 and 21)
were applicable.,

I1I-32 B ‘ )

IETTRNT AT R TR AP angrit 40 ewm vy
EUIF

}

¥

ot

[ I L APl

i - .




Section 3

O SECTION 3 - AN EXAMPLE DESIGN PROBLEM o R ¥
This section descfibe$~ the step by step procedure which was |
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used in the actual design of a stability augmenter. Although the
system discussed is relatively simple compared to a complete auto- | . e

métic flight control system, the problems encountered in its design’ =~ .| o

are sufficiently typical to illustrate the design p;oc.ed,urg dis- |
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cussed in Section 2.

(a) PRELIMINARY ANALYSIS
As indicated in the previous section, the first step in the
design of an automatic flight control system is the determination of

the requirements, and these in turn.are derived from the requirements

for the complete aircraft system. To simplify this analysis, only

@ the lateral directional requirementé are considered here. The airplane
under consideration is a rocket firing jet fighter and its mission is
to intercept and‘_destroy bomber type aircraft through the use of an
automatic firé control computer. The mechanization of the fire control

computer used is based on the assumption that the airframe sideslip

angle is zero. On this basis, hit probability considerations require | N

that the sideslip angle be less than .005 radians at the time the
rockets are fired., On the basis of the mission described above, the / |
’ following airplane system requirements can be listed:
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(r? ) A more satisfactory method of providing augmentation is to control o

o . :
sideslip angle, since this permits minimization of transient and steady
state sideslip as well as improvement in dutch roll damping. ‘The most

’ direct way of achieving this sort of control is to measure sideslip
L angle and to use this sighal, after subjecting it to proper equalizaticn,

- * | t6 control the rudder as shown in the block diagram of Figure 1114,
e . S 0 ] ’ - I :

i 'Eiuql" L
ization |

[ controfter |

- ¥

] “ Sideslip

Sideslip ]
fngle

~Sensor

Fiqure T4 Preliminary Functional Block Diagram - :
q for Stdeshg Stgglllﬁznauq%:mo‘gqrm S
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° .' , L
{ 4 A It will be noted that the system as proposed requires the use of a
| device to measure side.ilip angle, Direct measurement of sideslip by local
- flow direction detectois ia difficult because these detectors have cett.ain
3; - ba.sic faults* 'in addition to being subjec'c to adverse angle of attack effects

and local flow disturbances. For these reasons, direct. measurement of sideslip

“y . angle was not useéd.

It was shown in Equation (II-86) that an accelemmet.er pr‘ovidés a
reasonably satisfa.ctory measure of sideslip angle. In particulai',' it was

‘shown that for an acceleromet.er located at the c.g. of an a.irframo,

(lZZ'-/) . d?=¢)édé + ); P-4

where . d = lateral acceleration sensed by the aceelemeter
o I‘ at the c.g.

Yr Fp = the ‘rudder deflection contribution to a
de " S 4

i %/ = the sideslip angle contribution to 24

Equation (III-1) shows that the lateral acceleration at the airframe c.g.
is proportional to sideslip &5 whenever Jg -0 .

#See Chapter I‘I‘,>Sec_tion 50 ' e
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The effect of cf R could ‘be removed by subtracting_ an electrical sigrial ' L

y ‘ proportional to ):,—EJQ from the ,a.cceleromeber» signal; however, this

I

requires additional equipment,

, . | The‘ effect of the r\,idd‘er“mbﬁioi;x §n‘t—heﬁ 'a,ccel‘erpmet@ signeﬂ can ‘pe“ ) Lo
| reduced by the method illustrated in Figure III-5. This fig’p.re shows |
the accelerometer locatéd forward of the airframe c.g. The positign .
whiéh gives minimum rudder effect is the center of percussion, v?hichjgé“
T NI defined as the point along a body about which the body starts to ‘rota.t,e“
J without translation for a force impulse at a specific po:.nt.. For a
force impulse at the rudder, the position of the éenter of percussion for

an airframe is given by

O maf gum

where /\/ # 1is the airframe radius of gyration about 'thev <. axis
and £, and /4: are shown in Figure III-5.

The a.cceleration at the center of percussion will be denoted
by @7 ‘and 18 given by "

| (ﬂ”-ﬂ 6(? ag 4-/ —Y;,_fr+)//?//;".‘x);/0

| ¥See for example, Leigh Page, Introduction to Theoretical Physics,
i D. Van Nostrand & Co., New York, 1935, pp 132.
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3 To determine how this dccelerometer position will affect the character-
g istics of the controlled element, a composite Bode diagram was ébnstructed as ' ' |
P . - / . P Cow » ‘
1 shown in Figure III-6, This figure shows %& ,{7 A{Q , and & lie E
F - plotted on the same diagram. Inspection of this diagram reveals the following - 1
;’ interesting points, i 4
¢ i E , s e e o~
@ l 1 (1) At frequencies below the dutch roll natural frequency, either .
ol accelerometer position gives a satisfactory indication of . '
" 1{{ sideslip angle, | '
E (2) At frequencies above the dutch roll natural frequency, neither - | - |
; accelerometer position provides signals exactly proportional :
9 to sideslip angle, although-the center of percussion.gives a
B more accurate indication than does the c.c.
(3) Satisfactory performance can be obtained more easily with a.n
; E ‘accelerometer located at the center of percussion because of :
4 the lower amplitude ratio at the, higher frequencies. . , T
4 o i
{ : { | (6 B
; : o : ' -
¥ : R |
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On the basis of these considerations it was concluded that good :

system performance could be obtained if a euita.ble accelerometer eould .

be found. R oL B e
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1

The block diagram for the system using lateral acceleration as "the

3

controlled airﬁ‘ama output quantity is shown in Figure III-7,

| |-
5 |

T Prelimnary Block Diagram for Sideslip Stability
€Alugmentor with Lateral €lcceleratio o

no effect due to [x f » since F 1is zero.

Locat.;lng 'the a;:celerometer forward of the c.g. has one serious drawback:
it would adversely affect the coordindtion in aileron turns, This is illus-
trated in Figure III-8 which shows that a yawing acceleration occurs when &
turn is entered, The l/x"’ contribution to the accelerometer signal .(see
Equation (III-3)) would cause a rudder deflection which would dppose the

"‘ u‘,yawing acceleration, thus causing the airframe to sideslip as it enters

‘ the turn, After a steady state turmn is established, however, there would' be
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el - _ {r=constant

el O ~ Re=Radius of Turn  ~ {r=o0 - | 13

R r = Rate of Turn A " I
& reincreasing |
| W S (Psfimte S R
i . ' . >

Fiqure -8 Geometry of Turi

’ One simple method for éountera_ctiné this ter;dmcy is to provide to .
the rudder a lagging signal proportional to the aileron deflection. Thus, ©
when right aileron is applied, this lagging aileron signal will deflect °
e the rudder to the right to counteract the ,/x';- portion of the acceler-  ° S
. ometer signal. This method was used in this example and the determination
. {,’ ; ofl thg magnitude of the time lag will be demonstrated in the section deal- ~ ’
| ing wit;b:the analog computer study. o ) .
‘ | . N
|- 111-39
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Since sideslip stabilization is to be used in manual flight, it ‘is advan-

tageous to use a series linkage to tie the actuator into the rudder surface ‘

~actuator. This will allow the pilot to add ‘rudder motion to the stability aug-

menter when he desires to sideslip the airplane. In addition, the rudder

~ motions due to the augmenter are not fed back to the pilot thfough- pedal motion,

and thus, cofifusing feel characteristics are avoided., The restrictions which -

this requirement places on the controller actuator would depend, of course, on

‘the surface actuating system configu.rati‘on. In this example, the surface

actuating package had been previously deai&ne& as a fully powered hydraulic
system, but the design of the artificial feel mé'chan:},am had been delayod pending

‘determination of the requirements for the controller actuator.

It ‘is advantageous to include manual rudder trim in the system to minim:i:ze
problems arising from the series installation of the actuator. This i; easlly
done by feeding a signal proportional to the desired trinqangle into the rudder
actuator, as ‘shown in Figure III-9. | ‘ |

Little can be said about the system control unit at this point, except that
it must accept signals from the accelerometer, aileron position sensor and pilots
trim sensor, provide equalization in accordance with requirements yet to be de-
termined, and provide driving signals to the actuating device which are propor-
tional to the modified sensor signals. The signals to the controller will al-
most certainly be electrical and may be either ac or do depending on the types

of sensors a'nihblg.

‘‘‘‘‘‘‘
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Section 3

This caﬂcludoa the derivation of the basic system configuratfion.
The system block diagram showing a.ll signal paths and the general t;pos
. , ” of sensing and actuating elements to be used is presented in Figure
| | | III-9.. The sta,;biliﬁylaugmenter as shown should provi‘dé good 'twdvcontro]‘.
‘operation, since it will tend to minimize sideslip, even for a.iiero’ni in-
puts. This should pemmit the»\pi‘.lofo to Vfily the airplane wihhont u‘éing o
the rudder pedals. B | ' |

A list of the sensing and actuating elements along with ﬁheir

desirable characteristics, as thus far determined is presented below.

1. Accelerometer - Must be capable of providiné an electrical
output proportional to lateral acceleration.,

O ' Y 2. Alleron position sensor - Must produce an' electrical signal
proportional to alleron deflection. A cable driven
potentiometer would provide this signal.

3s Pilotts trim device - Must provide an electrical signal 2
which indicates the pilot's desired rudder trim angle. .
A knob driven potentiometer located in the cockpit would
accomplish this function. '

Le Actuator - Must be capable of providing an output motion

; o proportional to an electrical input from the control :

it unit, Series installation is required, and an extonliblo
L link type actuator is a mturo.l for thia.

G

N | | | C II-
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Network o ]
i , . I . ]
Fiqure -9 Final Block Dnaqram for Sldesllp E - 0O
; : S'rabtlu’rq ﬂuqmn or EE [
: It was felt that a factor which might make the choice of the accelerometer ! o "n
‘ . |
’ very critical was the threshold requirement. Aside from stability considera- ' ‘
] '{ tions the a.ccelerometer threshold t‘or this application must be sufficiently
; g Tl low that the requirement for maintaining steady state sideslip below 0.005 |
radians could be met, Since the systam configuration depended on the possibility
§ of obtaimng a suitable accelerometer, a catalog search was made at this time
il
) .- rather than waiting until after the detail analysis as is usually done,
- | 0|
. “
. F; ! i
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‘ | h _  ‘;,, Lo ',l‘he required accelerameter threshold can be obtained through the -
3 ( ' 7 use of Equation (11-33) which is repeated here for reference. |

o (zzr-sf) L =YX % I R

e

=
=TT
BN

Bquation (III-4) gives the relationehip between ﬁ e and &, R

]

and eince, in the steady sta,te 4° ..' P Equa.tion (III-.I,) can be . -

‘ _
} “ written as: - C o

' Thie relationehip is plotted as a function of fc (:hnpa.ct preunre) S
for several values of & in Figure ITI-10. S S

O

i : ' It was decided that the accelerometer should have a threshold -
corresponding ‘to. a sideslip angle no larger than one tenth the system
requirement of ,005 radians. Alt.hough this ratio is eonewhut erbitrl.ry, Te

, : | . the accelerometer threehold is ude much less then the system requirqnent

to make allowances for the threlholde and deadbands in the other ec-ponent.l..
From Figure III-lO, it will be noted that the eecelerationa equiulent

| to E = ,0005 redime decreases with ;c. . The accelerometer threshold

§~ should therefore be established at the lowest value of f whicn is con-

Ao sidered representative of a tactical flight eonditien. This- ulne is

’ _epproximtely 140 psf which corresponds to .75 Mach number et an altitude

Iz
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Section 3 L

of 45,000 feet. For this condition, the value of"zzyésforrpepqnding o
to é{s = ,0005 radians is appreximately 0.3 milli-G's, )

To insure that the phase lag of the accelerometer would be small  :.
in the frequency range of interest, the minimum accelerometer natural .
frequency was established at ten times the airframe maximum na_.tur‘al

frequency. Reference to"‘Table III-1 shows e, to be approxi-

‘ -
mately 2.2 radians per second or .35 cps. On this basis, the mim.mum ‘

natural frequency for the ’acc'e,lerometer was chosen as 3.5 cps.

A catalog search revealed a qualified accelerometer with the

following characteristics.

1. Threshold less than 0.l milli-G's.

2. Iinearity +5% -

3. Range +0.3G

4. Natural frequency 3 cps

5. Damping Ratio 0.3

6. Semnsitivity, év/G when excited by 115V, 400 cps

v

Although the natural frequency of this accelerometer is slightly
below 3.5 cps, it was found to be the only qualified accelerometer
available which met the threshold requi‘remexit. It was therefore de-
cided to utilize the ch@.racteristics of ‘this accelerometer in tl\}g
analysis and synthesis phase to defemine whether satisfactory per-
formance oould be achieved, It isa spring-mass-damper accelerometer

¥
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4 } and its transfer function was derived in Chapter II and given by Equation (11-83).

It is repested hers in slightly differemt form. .. . . ..~ D ]

0 5 e L - S e et o o ' . B .

B , B {7

(@d) Euld) o

where

w,,%_—_ 20 Rﬂio/s:c, é:_: 0.3. A0 /\;: 8 vours peR G 3 '

Since a satisfactory electrohydraulic series serve actuaﬁo: had been

e

: developed for a previous gystem, it was decided that this actuator should ‘ S : ;‘
2 be used for the sideslip stability augmenter. The open loop transfer '

a function for this actuator when driving a spring restrained load was given in

S Equation (II-11X) as

-
e

)T Tree

e R T

g

where /C=4, / £  and ‘?’:,z%p /‘!c . The symbols —\!,c and &2 p are
defined in Chapter II Section 7, and //; is the load spring rate. Since

‘for this particular series installationm, the load spring rate will be mmall

enough to be neglected, Equation (III-7) is written as

e
~
)
A

s
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" setting A= remits 4n

',/’a:?”—-’ =

The electrohydraulic actuator is used as a position servo as shown in
Figure ITI-11, where A 1is the amplifier gain, A, 1is the feadback

potentiometer gain and o- is the actuator displa'éem,ent. .

.
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The closed loop transfer function for Figure III-1l is given by.

-

v
(Zz-7) & = | A ~ — . Fe
C¢ &, Sth A4 %, Set

or

o o
Y Ty

Due to the difficulty in acclirately determining Aﬁf and 4_ » the loop
was adjusted for optimum performance experimentally. After this adjustment
it was found that TM = .03 seconds. The gain control A4, M 1is left to

be detemined as an alterable design element of the system during the detail

‘1.
g design procedures subsequent to the system analysis and syn'bhesis.
The surface actuator for khe aircraft under consideration consisted of
a full-powered hydraulic system. It was found experimentally that this system
could be represented by a ) | h L ,
o Ty S+l
S IIT-48
e “. ' o o . e ' .
- ' A /
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where /Z:L/ = 0,03 seconds, and @ = 10,6 d\eg/\iixgh,}
The airframe transfer function is given by | i o

' Y B . R ) Coe

| =T R S VR S
’ e ST

[ V ' ‘ : o ’)

!

+

=i(a'? Z‘:e .Sf/)/ 5,4/)(7': - Sf/( a'/e s*/)
| 1" *1)/73*&( 5-2 “"’2343*/) 56

1 | ’
P S
| Nimerical values for Equation (;1;1-12)‘ are giver in Table III-1 for
i 1 ) . N L . . - , gf
‘ seven flight conditions. ' ’

O The basic sideslip stability augnienter is shown with these transfer
functions in Figure III-12, The remaining problan is to detemine the L
equalization required in the system control unit. ‘

!
o :
¢ i ' "
. . ‘(;" ‘
. ("
*Note that Z Re, and L differ from 7" 72} .
as given in Equation (I1-41) becluse of the relocation of the 7
( ) accelerometer,
,, "“ 149
; .
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i; phase are concerned with determining those characteristics or”the systeﬁ
é control unit which will provide performance meeting the system require- '
i,,, ments. This is accomplished by Bode plo?s and root locus and the results
: ; , |  are verified on the analog computer, ‘
i 5 ‘ '
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It will be noted from‘the preceding discussion and from Figuré
III-12 that the only alterable block remalnlng in the system is the

systam control unit. The - ranaining steps in the analysis and synthe31s

‘ Ktc"i(s)

o  Lateral fccelerometer
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Section 3 R A
Figure III-13 is a generic Bode plot of the / transfer function

(for the spirally divergent conditions) and of the &mple’ce open 1oop transfer

function indicated in Figure ‘II‘I-12 in which the system control unit is re-

presented by a pure gain, A/, . It is apparent that with a pure gain term for
the system control unit, there is no value of system ’gainv( ,(,,_= ‘2%/ '(M(H )

which can be used satisfactorily. This fact is even more ev:.dent in the root

locus sketch corresponding to the Bode plot of Figure III-lB. The root locus

sketch is shéwn in Figure III-JJ;.

From the root locus, it can be seen that there is only a very slight in-

crease in dutch roll damping, as the system gain is increased. As the sybj;.én

gain is increased further, the dutch roll damping begins to decrease. Note ‘ ‘

.also that when the gain is high enough, the dutch roll becomes unstable.

To increase the dutch roll damping, a lead term of the form 7;5 +/
mﬁst be used in the system control unit to increase the phase margin near
dutch roll frequencies. The lead c¢circuit will arbitrari':‘ly‘.be‘ chosen so that
the phase anglo is increas-ed by about 60° for the lowest dutch roll natursl
frequency to be expected which is approximately 0.6 radian per, aecond

| N

Choosing __F.. to be 0.3 radian per second should satisfy this conditiomn.

A
The generic Bode plot now appears as in Figure III-15.

To attenuate high frequency noise inputs and also to provide for a larger
operating gain margin, a lag must be uaed in conjunction with the lud 20 that

the system control unit transfer function becames

¥For simplicity, the assunption has been made that 7:)’& = 7& in i‘.ho root

locus diagram of Figure III-1l4. In addition, all the root locus diagrams used

in this example are based on a phase angle of O degrees rather than 180 degrees,

cll:ue go 1):he sign change which occurs in the controller, (See reference 8, page
II-2]1.
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'is shown in Figure III-15. O s

(s

v

o ’ ° ! <

2
N

TaS+/

(@) K6 = kA

£

The effect of the lag term on the equalized airframe controller combination

To simplify the nanenclature s the temm KM , is introduced where -

a .

1) Ky = L [;f/KJ/f S
- ‘ / k&J o

The term in brackets k,{/] represents the altera.ble gtin elunenta in the
physical system, ' ‘

Note that with the lead-lag network, a rather large value of controller gain
/\’CM,; , can be used befors system instability sets in. This is indflated -
in the root locus plot in Figure III-16, It should also be noted that the
magnitude of the lag time constant 74 1is critical. The effect of Jp =~

8]

is shown in the voot locus plots in Figure III-17.

~ In Figure III-17a, the %‘1 ratio is rem.ivelj small, and as a
result, the effective phase lead from the (7p 3#/) term is reduced.
Cbnsequ&xtly, tlhe‘ advantage ga”inod by using the lead term is lessened a.nd
the root locus plot resembles that for the'pure gain systen shown inA
Figure III-14, Aa Te is decreased, the Dutch roll dmpin; can be u-
creased more and mre, u  indicated in l'iguro I1II-17v,

Y
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Section 3 -

Since the dutch roll natural frequency varies w1th flight condition, ' “

R

it will be necessary to vary the characteristics of the controller lead

lag network with some flight parameter, to prov1de proper equallzation

throughout the flight regime of the airplane. As demonstrated above,.

<$“ e

"x this can be conveniently done by varying the controller lag time constant )
. 72?. Since the airframe steadyfstate gain also varies,throughfwidew , ;
limits it will also be necessary to vary the controller;steadyrstete Z&iﬂ, S

, with some flight paz;gmeten o o R

oy

g

The determination of the two controller parameters K opir
7

was accomplished by méans of Bode plots, as shown in- Figure I1I-18. The

end 7

controller steady state gain AZan/r' was chosen first by selecting a systan
zero‘db line, or “closure line® in such a way that a 40 degree phase margin
is obtained near the dutch roll nntural frequency. The value for /ﬁ;;

was then measured directly from the Bode plot and Avar] determined by
means of Equation (IT1-14). Application of this procedure to the seven

flight conditions listed in Table III-1 provided the values shown for

/an?l in Table III-2 and Figure III-19. |
' COND Fe e o Ky v ‘a”r'
T (ese) 6/5&'4) (‘“’) (ﬁ)
I 85 - 0.102 +17 6.69 = 65.5
I | wo 0.00683 -8 .398 ‘;6.9
111 155 0.0142 Y’ s | 352
v 25 | o.ouws | -8.5 376 “ 25.9
v o~ | 30 | 0.027 -8 ] .98 1w
VI 375 | 0;0355 : -7 olih6 . E| . 12.55
vII | 880 0,090k -9 355 o 393 |-
| Table III-2 Preliminary Estimates for ﬁ;q wr, ‘ )
N U s
’ .
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‘ The selection of 74 was based on the assumption that an 8 db dif{ference o
between the gain line and the asymptote break aﬁ "‘7'5, is adequate to\ give
a galisfactory gain margin (see Figure III-18). Agiin 7g ce;.n be measured
eaaili} frow the Boda plot and the( results for the seven flight conditions are

glven ia Table YIT-2 and are plotted as a funcbion of ,\ ic' in Figure ITI-20.
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cono z &
T | se | am
- AT | s
Vom | sa | e
IV Sl ose | .263
v wes | 2222
VI s a8y
vII | 8.3 | aa

‘Table ITI-3 Preliminary Estimates for [g

A straight line appro:dmation to the plottéd points is drawn in Figure

| II7-.J. This curve can be obtained physically by a linear potentiometer posi-

tioned by ?o « The two lower points correspond to Condition I and III, and

are ignored because they do not represent combat flight conditions.

Assuming that the values of KCM”; , and 7# given in Figures III-19
and ITI-20 are correct, the sideslip stability augmenter system would give |
adequate damping ratio ( £ in the order of 0.6 or 0,7) for the dutch roll
oscillation, However, there is one basic fault with the system as it now
stands.

Consider Figure III-18 and the A,  column in Table III-2. For all
but one condition, the system open loop gain A, isa ralatively small
value. It is a well-known fact that for any servo system, the steady state

162
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Section 3 -

errors increase as the system gain decreases. For the sideslip stability
augnenter system, the low system gains lead to pobr trimming characteristics
which are manifested by steady state sideslip angles or side accelerations. .
The poor trimming characteristics of the system can be remedied by raising
the controller gain. However, raising the gain indiAScriminatélj would make
the system unstableé as indicated by the Bode a;ld ropt locus plots., What is
actually required is the raising of the dc¢ or low frequency aysten' gain to
improve the trimming qualities without altering the dutch roll equalization
previously determined.

One method of improving the trinmingf qualities is to add a pﬁre integrator
in parallel with the lead-lag rate circuit; Then the qoﬁ@i:*e’tp system control
unit transfer function becomes
| & s/ " £,

/ :

(zZ-/5) <

——

725#/ e

which can be rewritten as

2 2L sS4l

e _ “re

S(z )

(ZZ /6

where

conNy,
4’7' (Gavr Z

(("f;b) CU /co.w; %@)
£

w»vr"" [ A;

(d’?x.'—' £ = £

III-64
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Section 3

It will be noted that the equalization lead break frequency CU/,/L
is reia.t}ed to ’{/c;a' W7y ? the controller gain through the integratbr‘.
This relatlonshlpg is such that the complete open loop Bode dla.gra.m
near and above the dutch roll frequency is changed very 11ttle by the
addition of the in’pegrator. This is apparent in Fi:gure IIi-21, which
is the generic Bode ;Slot for the complete system for two values of
'(/c . T, (after /(,30)/7; and 72 have §§en ‘adjt?;g‘ted t? give gobd |

dutch roll characteristics).

Note that at frequencies above 5/,/70 » the Bode plots of Figures
ITI-18 and III-21 are similar. Note also that although both gains .
will give 'zero steady state positional error, the system with the higher
'{:a»’/::_ gain (curve #2) will reach the steady state socner than the iéwer
gain system, This is evidenﬁ from the fact that the subsidence mode
introduced by closing the looia has a time constant 75_ s which is approx-
imately equal to the reciprocal of the frequency at which the system |
zero db line intersects the low frequency port;i.on of the' open loop system
amplitude curve.¥# It is evident therefore, that the trimming time
constant, 7; car; be selected by proper choice of the controller gain

through the integrator K CO/W:e .

The desired value of 7, was based on the required value for trimming

rate during the last few seconds prior to firing the rockets. The only

¥See Reference 8 .f.jof a discussion of the relationships between open and
closed loop systems,
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Section 3

requirement for rapid trim changes during this time arises when a significant
change in ai.rspe'ed i‘é made. Since oné of the requirements of the fire control
system used in this airplane specifies that essentially constant airspeed
should be maintained during the last 10 seconds prior fo firing, it was de-
cided that it wouldl be ‘desira.ble if any steady state sideslip vere reduced

to a negligible va.lué in 10 seconds. Since a first order lag reaches 95 per
cent of its final value in three time constants , the requirémeﬁt can be stated

mathematically as

/ﬂ‘/7) 3 L =/0 o/a'f: 0.3
It should be noted tﬁat the selection of the controller gain

based on the desired value of 72_ does not nece_zssarily result in a system with
satisfactory stability. Since the requirement for stability was of prime im~
poftance, while the desired value of 7& was considered to be of secondary
o, was selected by the following method. The controller gain
k""”’,'a was selected to give the desired value of 7. .when this selection
did not result in a system phase margin of less than 4O degrees. For those
cases where Aga,v,-z as selected above resulted in phase margins .of less than
LO degrees, AC,,r, was reduced to obtain the desired phase margin, which of

course resulted in larger values for 7g . Actual values of £ =/£ . K;}
z

.were determined graphically by the method shown in Figure III-22,

Application of the procedure to the seven flight conditions of Table III-1

7, 88 given in Table III-4 and Figure I1I-23.
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Section 3

o | gl Aa (3/ves) B | Lo, ,Q}._(!’,ié/ff )
1 85 0,102 | +l4.5 5.31 52
T | wo I 0.00683 | 6.5  .1;73 69.2
mr | 155 | o2 ~4.5 59 | 4L
E o 0.0L5 | 5.5 53 | 3.5
v | 310 | 0.027 | e .59 21.9
VI - 37 0.0355 -2.5 15 21.1

Vi g0 0.0904 -1.5 e | 93

Table III-4 Preliminary Estimates for Ké‘”’;e.

Here again, the calculated points can be approximated by a function of impact:

pressure. In this case, {CW ogfc -/
2

Using ﬁhe preliminary estimates for /(w,ﬂ; , 72 , and KW?",_ as
given by the straight line approximations in Figure III-19, ITI-20, and III-23,
the Bode plots corresponding to the seven flight conditions are given in Figure
IIT-24 through III-30. From the figures, it can be seen that for each of the

. conditions,

(Zz-/8) 3 T £ 12 seconos

gain margin = 6 db
phase margin == 40 degrees

O
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~the root locus for Condition V is presentod in Figure III-31§:,, f e

;Figu'ros III1-19 and III—23 for this flight eondition or

o

i

* Section 3 o o

The first relation in Equations (III-lB) assures that any atea.dy
state side acdelera.tions will be trimmed out within 12 seconds. The ‘
last two relations in Equations (111-18) give ) dutch roll damping ra.tio o
in the neighborhood of Oi4, a value which ia considera.bly higher than

any of those for the baaic airframe alone.j 'l'o verify these obsomtiona, e

C‘ B

7
This root locus plot is conatructed by keeping the ratio of [, vr .,

to rca,yr constant (aee Equation I11-16) while varying ¢o /IT:. .

‘This of course means thau /(cavr » and K;W,-?_ are both nriod to

obtain the plot. The ratio used corresponds to the valuos ohoaon from .

[

(zZZ'—/7) wr = [3.538cs = O.52 SkCs.,
AJ ,2‘(') .

Ie)
o ()

_The figure shows that the dutch roll damping ratio has beeii increased

from 0,013 to 0.39 for the gains chosen. It will also be notied ‘that

"the danping of the dutch roll mode could be increased by hcmoing ‘ oo i

b

7%  (keeping in mind that Az,,, ‘ lloo be increased to,

keep the ratio Ageer (W,. constant), Consider a value or |
A/cavrt , which will give tho n:dm damping for the aupontod
dutoh roll mode, For this oondition ot Yy max Keovrg

< ~

o
~

#¥This eondition :l.l ohoun Decause At most o:l.ou]; approaches what ny
be considered a typieal combat ocomdition.. . a

o Y0

n-a




uN
RS T T 1 ya T e 3 T T Tt o A ™ e o o) rs ™ A 1 1
i i T ¥ o e e e P e e Ry e e T e sres
T + f
i 2 Eaam ; s 2 i ThH TR R e 5
e ey S A < T T . > 33 s > MW WY ;5 TRl . - |
g + t (o] | T ol i . (o I I TN M R 1 N T ) s o T T r 1 : T i
r P, “E N e 8 1 [ 1 L T KRN WA AL e 2 =+ T T FR et i1 T 1
frr 3 any ool W) ] g NN S NI O ) o 1 2 LA ot 1 § . L, 9 I s uty “
”1 T 0 =, p Ty r ) T KPS n I} 1 PECHE ST A T 1 o) H
H r NN PR RN EY B [ H 1 LN AT N ) XIS O HAN I JI [T 1 S ot isna !
1T H _,.".rrn . _." ~“"__ + T ”.q 1 T r3 T r .\“ u. L“" o “ o T
n RNEEE FeRny g
T 11 om o 0 . 2 3 - - b pun- W i
.t_ﬂ " S 1 U BN 1Ty ) 1] T 1 ] 1T 3 n . Ht rﬁ
Seas i ) P AL R} T [ i T T inan e
R B RRER i WAL - t ! ] ; orm
S R 7o 0 0 e e e e
T T T f A\ g4 I h _ Inks 4
INAMEEN: . NN R Y 4 L T T 1T o S ¥
EEEEEREmE: : a3 N L s W..l..wJ . . . 3 A R T
e e T \TH R RN Aanna S, T maus Faawd mam =
T T T 7 h Nt £ ! + T T 1 (R A I AN B N R N =7
N R} A 7y 2 kY L . T t
1+ T \ i 1} N |r'.|1lu wzf A _ .
) L% W) ) Lt ol 11 T
I T T " I
) L it
- :
T T v 1 s
" T ! T 4 T
n ¥ \ - 1 t T
T T
Y p -t X 3 1 o x : ! _ +
’ T 4
= N T ._..L-H Tl T T )
t = et i QAR 3 K - i — “
et + ou T at t T T 1 ) T .
111 : ; : T + NSNS RS T My n T t
T . sty i ot 1 1 t u
TN r : ! A : : RN s s sy 1o e
N : - : >
; i ! T ¥ A S ! 3 T %) )
T NN Pron e T T eERR Y ¥ T x; T T T ‘ o T
NG T t v 1 t pars rao
HH - uusuw T a = = 3 B it i L ) :
7 = een R
¥ F + anu t g Ml 1 X (R = XN S R A
- e T mRRE ImE _ T
H | T el NP3 T T Ty Y T
= L3 ¥ ] H (¥ L T i T
T ;i , Th — S, ~NTX T
= - vfr INR} i L1 Y U.u“l. o 30 \IF 1 WU DL S IS [} T
1] T ENR M T & L FX VIR S RN ) I
T A I3 ) t st . V1] T ol Wb T (NS RS T T ,
3 1 T r L. T
- * T ¥
¥ D T . T i .
t T
i ; = |
T 7 T .
] T T ;
1] T Tt I ¥ 1) i
T T T y T |
B T IBAE] 1 i
Fin I 1 I
T ) T i
T L) e} T &
) Y I} Ty T !
. t 7 Y T
- T " - _
T i T T t )
) T T T T ;
a T 1} IBEAY : 158 t
Al Y 1 1
T I T Y T T T T ‘
¥ (R 2 S N} T T ey
NN Tri 1T T T TIT T TiT |
TIECT T T TN, i I T I 1 T
" T T ¥ T i3
i) TT
, T ] T I T
1 T 2 T TErITT T ¥ T -
T 1 N] T T LN T
1 TN NN T I 1
T +
-y T T 1 T T :
T t L U A ) : T
1 133 nE 1 i M ] 1 >
L ) 1 1 -
P A T
= TT T T T
12K SRR N T i < [N N R T
[ 20 M T T ¥ T T 7 i
+ i T T T H
> T " 1
T T t Y (AR ¥ T !
LT T T ] - (] 1
T T L RS AR rue N 1
i A M 1
t T+ ARK AR T
8 T T e et T T
T T o T vrl'.ul o ¥
" : T o -
i N ; ; pam 1.1
T4 T + A T T -
¥ 1 L T T1 Iy T |
+ -+ + i ;
v " !
: I I P ¥ 1
T t T ¥ T i
) : T T T .
= T T T . +
L S ] ) TiT T 7 T | (- .
“ I b .y Thy ] " " T 71 T T 3 T ME T
H 1 . Ky i - -
3 : H T 11 xl + - 1 g —f St i
s - . - T T
. % 1 T o nay W.ﬂw T LEER 1. A RER i
¢ T i iy T e T .
! ] RN ] .m.l. T - P P
N TV I . maw EfS Ednpn $gam R : wa
uy - I T 1.7 . - 3 -
T T WA g I T b aauynay guaw ESRumn b oyl $k o v I ) i, T m = ] - .
A T T T I Ha AR 1 i.m I I : iy T - -
Tt v 8 B iT ] fnmn Raaks R et 53 + o o ¥ ™ .
1
“i - -
*
~



AT

=~

SCT

T SR T A T T S e e et e

bz mﬂ-’-ioe e

o

L

Lo

SR

g

RE

e

w&v:‘“

Sk g o e

A

TN B S o
x

Section 3

1s 58 2. . However, with this value for ’</COA/7‘Z_ s the mode created by

combining the / 7%  and / 74 roots will be only 0.26 damped.

Furthemore, if the gains for this condition are to be increaeed, the

) gains for the other six condltlons would probably have to be increa.sed to

'a; _Ppreserve the des:Lrable mecha.n:.za‘r.lon curves, ie., to preserve the functions ‘

o ~ % ’ -/ | | o
' /</CO/V7‘ X and « For most of the other six

, Atowr X
. f . o Cowry “#e ouae |
conditions, the augmented dutch roll mede damping is already near a maximum

'’ value for the values of A‘/W and '(éaﬂf chosen. Raising these gains

would ‘not only decrease the damping of the / /,fd) / ) m"ode, ‘b,ut.'would‘ .

also decrease the damping of the augmented dutch roll mode.

Tﬁerefore_, for the time 'be‘ing, the values of /(ga,-,y’- P) 7:4’ and )(:M/f

‘given in Figures III-_].9,£ III-20, and III-23 will be assumed to be correct.

These values lead to the results discussed following Equation (11I-18).

The next step in the analysis and synthesis phase of the deésign procedire
consists of an analog computer study to check the validity of the transfer
function chosen for the system control unit, and to detem.ine the effects of

possible system inherent nonlinearities.

(«c) ANALOG COMPUTER STUDIES
The equations used for the analog computer program are the airframe -eqﬁa?-

" tions given in Chapter IT and the sideslip stability augmenter equations.

The airframe equations were given in Chapter II as Equations (II-29}. The

sideslip stability augmenter equations used are given by Eﬁuafcions (111-6), "

111-86
. -
4
3!
. Wy
e ‘
7 y - . e
T i st e o oy~ et ) e i e R T et e e e~ L 2T Al e e e e triomby
A . - -
- . . - , ) \
. & . Y - v . i «
- R . .
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(in-lo), and (III-16). The transfer function for the surface a.,ctti‘:a.torl
is giveﬁ by 'Eqﬁéfion EIII;ll). These equations were mechanized on the

analog computer and the test results were re’eordeglj by means. of a direct

inking recording oscillographs = , \ L o .$  '

Figure III-32 shows the response of the basic airframe of Condition

V to a pulse rudder input. The poor damping of the dutch roll mbde'and

the divergence of the spiral mode (as shown in the % trace) are clearly

evident,
~ n St/
The effect of the lead lag equalizer J 77—5—*7' on the
; = S B

dynamic resbonse is shown in Figure III-33. For this trace /rc_o/vrl

‘= 13.5 (from Figure III-19)%* and 7; = ,228 (from Figure

III-20). The dutch roil da'.l'xping has been improved considerabl& with the
oscillation decaying to.négligible values in one cycle, Figure III-B‘A.‘
shows the effect on dutch roll damping, of adding the integration loop.
In Figure III-35, the ability of the augmenter to reduce an out of trii

condition is shown., The out of trim condition was simulated by adding .

a ramp voltage to the voltage representing the rudder deflection.

A con'pari\son of the curves in Figures III-36 and III-34 shows tha; '
an increase in /7, conr;, and Kwﬂr of 25% (with A’ = ,228) improves
the dynamic response charagt,eriatics, of the system for this particular
condition. | | |

;?he cqnsténta ol and (;g shown on the oacil].ognph records corres-
pond to (cwv-rz‘ and A’éozvr, respactively.




$ ’ )
) I~ — -
Lt r — - .
S~ L Ioe
e - ——
! -
<

ewe malos eop v
0
’ »

20 L)
F7 opolls,
T T
Z|
J
!
ot
I
[

iy g 4 epmerye

L
A

7
-
i L
\
I ‘._.‘;....'__\

1

-
i

A
R
-f

VL

‘\
i
i—-
/
.
!

[OSERTRr

e b
AR

Sectdion 73

|

| Figure 32 T

!
/.
!
.




Section 3

Fiqure 33
Case ¥

In-89.

efe |
1T

* "',"""l:.‘r

N E ]

!
L

J:

/

o)
\w Ae

I

]

T

{
g H

I‘._. .
ot

I=

[

/i_

:I .‘nu ‘ : ; “ ’:-‘ .... ’ "
‘ D W s T \'& il
- l—n“‘

7= rroceies
“

T 4 DEEER oy 71 '
e v 1

ot D ML R LR -
. P R AL L R PR
e . ) . ' ’
. - )
- T i o EARs whe ey N Y TRER TR M N -«
. S Y S 58 N R A
* 2 0 AU CRY QU P : U . KR T
o ' i At A " T * PR Pl ol
SR M Y. - .4 . ., bh o, . \
’ N ¥ N I TR L . L R ] 3 i
Ak e L b b
i o o " WL TRUUS FUOVNEE SV .0 POy TS PO UL W [0S
2 ',v- R 0 N . i o AN 0y
: ' : . i c . 3
- o Cary Al
f p P ot .
4 - . s s .
. a4 v '
L . N SO e A i ™
. { {. . i ; ;s 5
A
. b .
)
; i

\
P T

\4

=

\
A

1R T [ E
8 o oy
ERRY ol LI Y vy
B> L 2o
el
- .
-
.

A \.;'-:\,.-;.ji ;

EE

5

23 A B " " T
it G204 Y 1 P b A &Y - B W O LI SO N
A i A 8 4 L. Y Iz i Y
X" '\.. \ ‘.‘.\_' K '\.. 'k""i" \ \( \, s T W Y
ol N2, \ A S i R i P
d b \ s W S P - 3

IR

Moo o e
- ’ -~ - 1

b3 - — ! el -

L R . -

" >

- — J
e g e e —m ‘
. . -




At = o
-

]
h
1
!

d oy
l'.lT‘ﬂo
S

P
.y.:ﬂ .L:l
.o &
T -

oL
SYOENE
b

. drw

{
]

\

AAY '.ut‘.'J.T.

r

\

>

-2
!

“F}L a ;
o Ij 4'[ 1. i
N .—’ ' i ey ey . )

~

1
/
I
]
=
Sev .

wJ

7

eng o

t

omaggtn

’ -

[P

|

i

e ey

3 .

fom e

~7
/

A

T

A

e

»
Lo

ST Vi o1 .
R ! CET R .
AL A Ll gl ek
e arRERSRENnEL]
1. H .,‘ ‘ RWEJ »: )
i (N

el |
-
AN
_ wr, = Jap@aa'.n

.L\..‘ _".. »oy
C

¢

Section 3

Fiqure I-34

5

%




'
sy

T
. M 1
'—IL A :

Lk

/

i
L

]/
:? .;,-,./__:7‘ :

Fi
P

i
y
e - L

."\ : - Yraer a
\

Y MR A

-

TR

B
w
Y f

ey

i
i
.‘
A

i ."‘
el

-Luj\v_,sl: \
ST

i
WD -

7.,

:
4
i G:

S LA BPR

.'[.4_.,

XYL

'y
IR

hrd

VLS

e
Y.

]
b I X
.

¥

¥ 7 ocox

3

L

1.
)

T

'\'
3

oy

A

\

et
4 T
L e mar et r———
.

e e

ma

&

L' L’.;““l l-;‘:.;L Vi }_ it

)
AN

[- -

2

i
S — oo

i

|




flight conditiong, first for the original values of ‘/404/7"/ and £
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Section 3

A

Computer traces for Condition IV are shown in Figures III-37 through III-41.

'Again, it will be noted that system performance is improved wheq /(Ea,,/,—; ‘and

are increased by 25% (e.g. compare Figures III“~?39‘ and III-Al).

Figures IIT-42 through III-51 show the computer traces for the other five
and then with these quantities increased by 25%, As a result of these tra.c’gs_ s

these gains were increased by 25% and are shown for this iné‘r-egae in Figure .

By inserting aileron pulses into the system it was determined experimen-.
tally that a simple gain between aileron deflection and rudder deflection would
nof provide good coordination. By means of a trial a.nd error pﬁocess, it was |
found that a one second lag for all flight oonditions,"with gain varying with
flight oondition.would provide good coordination for aileron turns. Figures
III-53 through III-59 show the conput'er traces for all seven ﬂight conditi,onag
The values for the aileron to rudder gain (& 94 ) are given in Table III-5
and plotted in Figure III-60. o '
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Table III-5 Preliminary Estimates for Z’
o

The straight line approximation to the points plotted in Figure III-60

corresponds to a f’/ curve.

The effects of backlash on system stablility were investigated' by in- *
serting various amounts of backlash between the controller actuator and the
o.i:tput of the rudder surface actuator. By means of thesof:tests it was con-
cluded that 0,04 degrees of backlash would be unnoticeable to the pilot even
though a limit cycle condition exists¥*. Also the sideslip oscillation is well
within system requirements., The computer traces for .04 degree backlash are
shown for three flight conditions in Figures ITI-61 through ITI-63. Note

*The pilots! sideforce threshold has been experimentally determined to be
‘between the limits of 2 to 20 mg. Although the 2 mg limit is exceeded
slightly for one flight condition, it is a condition which exceeds the
level flight speed capabilities of the airplane and thoro’re will seldom
be used,
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will be noted that for this value of backlash ctig/m_ax = 2.2 mg

._The block dia.graxh is shown in Figure IiI—65'.l

Y

that the amplification of the recording device has been increased

by a factor varying from 50 to 10Q over the previous figures. It )

and /f max :z' +.03 deg. Figu&‘e III-64 shows the effect of .Ol;'
degree backlash plus .02 degree threshold betweeh tﬁe gbntroller
actuator and the surface actuatér output., | It .will be noted that
the limit cycle which exists for this condition is still well with;n

the system requirements,

This concludes the analysis and synthesis phase, The results
of the study include the system block diagram with all parameters '

chosen, except the gain from the pilot's trim knob to rudder deflection.

Pilot Trim fuleron Deflection
[ system | ) |
g | Servo Rudder .
] ‘-’3'5’.?' Actuator [actoator | T

Acceler-
ometer

-~ Fiqure II-65 Block Diaqt;am of Stdeship Stability Augmenter
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The system control unit transfer functions as derived in the preceding

&iscussidn -are given by Equations (III-21 and (III-25).

~

e -5 _su
' (.ZZZ‘Z/) _?E_: ( ’ ‘
aly ¢ S(735#/)

. "éo/l/?"

are given in Figure III-52, Also,

. f.ZZZ'-Z4) ,(/a = 'é’caA/f,__
Kpn K Ko
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For aileron inputs the controller transfer function is

(@-25) o5 = 3
Tz

where
(z-2) £ = Lo
T A

/Crd, is given in Figure III-60.

The transfer function for pilot trim inputs will be a constant, the
gain to be selected later, but should be such as to provide full servo
actuator output for approximately full trim pot rotation.

The.aervo actuator and accelerometer tranasfer function were selected

previousiy and are given by Equations (III-10) and (III-6) respectively.

(d) SYSTEM TESTS

' The' ran.;.in'ﬁ.ng phases of the system design procedure which were con-
ducted for tle sideslir stability a.ugnmtex" consisted of open and closed
loop bench tests of the developmental model, airplane ground and flight
tests of the preproduction model, and airplane ground and flight tests of
the production system, The results of the above tests ‘revealed'no serious
discrepancies in the system configuration which was developed in the analysis

and synthecis phase.
1I1-125




" matic control of aireraft. Automatic control systems must be integrated in a

on the consideration of its effects on the operational characteristics of the

CHAPTER IV
SYSTEMS ENGINEERING AND OTHER DESIGN CONSIDERATIONS

SECTION 1 - INTRODUCTION

The purpose of this chapter is to presént a discussion of several concepts
which facilitate the design of automatic fii;ght control syst‘en‘ls. The ideas to
be considered are mostly of é non technical nature, however the degree of
‘micce,ss of an automatic flight control system depends to a hrge extent. Qri

their é.pplication during the design procedure,

A discussion of systems engineering and the advantages of its application.
to the design of automatic flight control systems is presented i Section 2, -
Section 3 describes the concept of functional mechanization, while some of
the problems associated with the physical installation of the equipment in

the airceraft are discussed in Section k.

SECTION 2 - SYSTEMS ENGIﬁEERING
The present stage of aeronautical development is one in which technological
advances in airframe design and similar increases in power plant capabilﬁies |
are forcing equally rapid developments in allied fields. One of these fields
in which rapid d.evelopnents must of necessity be made is the field of the auto-

very speclial and exacting fashion into the over-all system. The intimate
relationship between all the various subsystems, which collectively constitute

the over-all system, is such that the design of each subsystem must be based

over-all system.



In order to cope effectively with the problems involved, the concept of
gsystems engineering must direct the coordinated design ,e,.‘_‘fért necessary to
produce an operationally satisfaetory high performance aircraft system.
Systems engineering concerns itself with establishing the general requirements
for constraining the complete system (consisting of both the controlled and ‘
controlling elements or subsystems) to perform in a prescribed manner, The 7
over-all system undef consideratioh here is a piloted aircraft, This, of
course, consists of subsystems which are alterable in varying degrees to the
control systems designer. Obviously, the human pilot is the primary un-
é.l’c.erable subsystem. In addition, as mentioned previously, tbhec vasic ai‘rframe'
which is to be controlled is relatively unalterable to the automatic flight
control system designer. It is his task to provide control 'devices which,
when operating in the complete system, will result in over-all system opera-

tion which meets the customert'!s requirements.

The procedure discussed in Chapter III, Section 2 is based on the concept
of systems engineering. It will be recalled that the procedure begins with
the determination of the over-all system requirements. Based on the over-all
system requirements, subsystem requirements are'derived » and then by means of
analysis and synthesis procedures, requirements are sstablished for the in-
dividual components which go to make up the subsystems. At the completion
of this process, the systems engineer gives consideration to the best method
for obtaining components which meet his derived requirements. Existing compo-

nents are used where no intolerable deterioration in system performance results,

Iv-2
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and new components are designed when necessary. This procedure results

~ in the complete integration of all the systems ra.n.d components involved,

thus preventing duplication of equipment. In addition, since by the

very nature of his task the systems engineer establishes the require-

. ments for the individual components, he chooses or designs component)s

which will provide optimun system operation, while simultaneously en-

suring that the components used are no better than they need to be.

The application of the techniques of systems eﬁgineering to the
design of automatic flight control systems for piloted aircraft is in
its infancy. However, it is mandatory that its application be expanded
if future requirements for high perfomiance aircraft are to be met,
Systems engineering has been somewhat retarded in the past due to the
reluctance of the veteran aircraft controls designer to place full con-
fidence in automatic flight control systems, This reluctance is somewhat
understandable, since the controls designer had been using the same tech-
niques successfully for years on airplanes of lesser performance, and in
addition, the systems man is treading on what had been the sacred domain
of the controls designer. However, future successful designs will result
only from the application of systems engineering which requires close
coordination between the designers of all the subsystems which go to ma.kg

up the piloted aircraft.

SECTION 3 - FUNCTIONAL MECHANIZATION
One of the problems which remain after the automatic controls designer

has completed his analysis and synthesis is that of obtaining reliable

Iv-3




components to meet his derived requirements. Experience has shown that when ‘new— ’
1y designed components arev used; a large i)art qi‘ the total design time isl‘pften
spent in debugging these components. This is an expensive and time consuming '
procedure which makes it very difficult to obtain reliable systems in time to

meet the production schedule for new airplanes. in fact, it is not unusual to
find the automatic controls designer still attempting to qualify his system

after a large portion of the produétion contract has béen delivered to the cus-
tomer, The problem is becoming more and more acute because the rapid obsolescense
of new airplane designs is forcing airframe manufacturers to produce initial
flight articles with less and iess delay between receipt. of a contract and the
first flight. The configuration of these new airplanes are such that some

means bf control in addition to pilot control is mandatory to obtain satisfactory
performance. In fact, the trend is toward the use of more automatic control equip-

ment,

At the present time each airframe manufacturer must independently undertake
the design of the necessary control equipment for his aircraft. 'Since new air-
frame dynamic characteristics are markedly different from those of existing air-
craft, the new control system requirements and iesulting configuration are also
different from existing control systems. As a consequence the procuring agency -
must assume the development costs of a.’ new flight controller for each airfranme
model., Even then it is nearly impossible to complete a new development flight
controller in time to match the production schedule of a new airplane. Thus
the procuring agencies are burdened with great expense and still do not achieve

the desired results.,
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The use of the Eoncept of functional mechanigation greatly facilitates 'c.h‘ew
solut'ion of the problem discussed above., As the name implies, functional '
mechanization is a mechanization acco'rding to the function to be performed
rather than a grouping of coniponehts based solely on physical considerations.
The components are unifunctional and are grouped according to the over-all
gystem performance requirements, Each functional sub-assembly sqch as an A
 amplifier, modulator, matching circuit or power supply is designed as a
plug in type unit. BEach one of these units unfierg()es a continual developmental
'process S0 that the most current research advances are always refleéted in

qualified, ready to use components. The components are designed so as to
‘provide the basis for a unified, integrated control system. The procedure
operates most efficiently if a limited number of fully devgloped components
are stocked as shelf items. To physically mechanize a controller for a new
system, the systems designer needs only to Select the proper plug in units,
make the necessary couplings and interconnections, and install the complete
system for prototype.tests. This procedure provides' reliable, qualified
wnits at a minimm cost of tims and money.

SECTION 4 - OTHER DESIGN CONSIDERATIONS

‘ Although a limited amount of the discussion presented to this point

has dealt with physical considerations of the system and components of
autamatic flight control syétans s the bu]_.k of the material has been con-
cerned with methods of obtaining a system which performs in accordance with
the detailed requirements, ILittle consideration has been given to the effects
of such factors as the following: '




1. The requirements dealing with the physical installation of the equip-
".ment in the aircraft ' 1 K

2. The envirommental conditions to which the equipment w:Lll ‘be ;gubjected;
3. Reliability requirements’

L. Operation and maintenance requirements

¢

Although their solutions may seem obvious, experience has shown these
problems to be more troublesome to the average flight controls designer than ‘

the problems associated with analysis and synthesis. It is believed that these

| problems eause trouble primarily because they are neglected. For this reason

the following disuussion does not attempt to give deta.iled' solutions to the prob-

lems, .but only points out their existence.

The requirements dealing with the physical installation of the ,equi;:merit
in the aireraft orig:‘mat'e from consideré.tions of the follo;ring:'

1., Space availability

2. Access provisions

3. Effect of component installations on airframe center of gravity

4. Local enviromments

Space availability considerations are quite obvious except for those cases
where it is important that a component such as an actuator or an accelerometer
must be located at a specific point in the aircraft. In this case it behooves
one to survey the area of interest at a sufficiently early date to ensure the

required space will be available.
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Access provisions shou.}-d be adequate to allow the system to be
easily adjusted when installed in the aircraft and to permit removal of

components for maintenance.

The charicteristics of the local environment at varicus points in
the airframe should be surveyed very carefully before choosing locations
! . for component installations. Condit_ic‘ms of spectial impoi'bance are those
{ due to ¥ibration, temperature, mec‘hgrligal shock and acé¢eleration. For
? example, the operation of a motor or a pump may cause severe 'vibi“i?gtions
in a localized area which would damage certain of the components 1f they
were mounted nearby. Such a condition would require that the ‘component

| _ be shock mounted or moved to a more favorable location.

: @ ‘ | As mentioned previously the military services require that aeronautical
equipment be capable of satisfactory operation while being subjected or after
being su'éjected to certain ervironmental conditions. These requiremenf,s

are intended to ensure that the equipment will operate satisfactorily under
any enviromnmental condition which is likely to be encountered. Conditions
for which specific requirements exist are operation while being subjected

to high and low temperatures, high h'tmidity;, high altitude, vibration and
acceleration, In addition, storing the equipment in the presence of -fungus
or salt Spray should not cause gamage. Uniform test pro;:edures for
establishing that the above r'eq:zirqnents are met are given in Reference i9.
Component.s which haye passed the tests of Reference 19 in a manner acceptable
to the customer are called ™qualified®™ components,
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Reliability considerations take on two aspects; first the equipmerit should
be designed to operate satisfactorily without overhaul for a reasonable period
of time and second, when the system fails it should "fail safe™. A reasonable '
period.of time has been defined as 1000 hours for parts not containing vacuum
tubes and 500 hours for vacuum tube replacement. Fail safety ‘consi_dera‘ti'ons
require that malfunctions will not make the airplane uncontrollable or cause
maneuvers so violent that the airplane suffers étx;ubtﬁrél damage. ‘Mali‘unlctiltons
normally considered in this study are primarily electrical failures such as
tubes, open or short circuit or sticking relays, howéver hydrauli_c fqi;urés such

as value jamming etc., should be considered when applicable.

The problems which arise due to the fact that the equipment will be operated
and maintained by personnel not familiar with automatic control theory are often O
neglected, It is extremely important that automatic flight control systems be
designed in a manner conducive to the application of simplified trouble shooting
techniques. It is sometimes helpful to include integral trouble shooting ci_rcui‘os.
in the design of the components. If these are not used, it will probably be ' |
mandatory that special test equipment be designed for use in Jﬂaintaining the system.
It has also been found helpful for the systeﬁ designers to accompany the first
few production models into the field for the purpose of indoctrinating military

personnel in system operation and maintenance.
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Some automatic flight control systems have been conﬁidered as‘ un-
satisfactory because of neglect of the above problems, even though when
operating normally, the systems left little to be desired. Combinations,
of several of the above problgms can be especlally troublesome, An
example of such a combination occurred for a qystem in which one componerit
was mounted on a bulkhead beside an air compressor which generated vibrations
in .excess of the amplitudes for whic.h tﬁe automatic flight cc;ntfol eqﬁipnent
was designed. The‘ high level vibration caused rapid deterioration of the |
po%entim‘eters in the flight control component and this, coupled with the
fact that the system was difficult to trouble shoot resulted in the system
being inoperative in a large percentage of the airplanes which had been

delivered to the customer. The solution to such a problem is, of course,

" bbvious once all the contributing factors have been established. In this

particular example, however, several months of intensive investigation were

required to determine the factors which caused the problem.
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APPRNDIX
. EQUATIONS OF 'I‘HE" GYROSCOPE

The development which follows is divided :Lnto vfcn.lr sections, The’
first section pi'eSents the deriv‘étion of the law.of the gyro element,
The last three sectiéns develop the equat.ions< forv gyro pickoff indications,
including the effects qf geometrical cross coupling for the: x‘nte-; v‘ér"tic‘a,l‘ |

and directional gyros.

(a) LAW OF THE GYRO ELEMENT
This development has been made somewhat non-rigorous in the belief

that the average flight controls engineer is mcre interested in what the
gyro measures than he is in a rigorous explanation of gyro behavior.
The reader interestéd in a rigorous derivation of the law is refe,i‘red

to Reference 26.

Newtonts second law states that an applied force acting on a particle
will produce a rate of change of linear momentum which is equal t6 the

applied force. In equation fom

A-1) £, = dimv)
R T

For a rigid body 777 is a constant, so

-~

A-1




where ‘phe acceleration is referred to inertial space. Although as stated,
Newton's second law applies only for a particle, the law also app'lie's for

a rigid body, if the force is applied at the center of gravity.

When modified to apply for rotation of a rigid body, Newton's second
law states that the torque applied about the center of gravity of a rigid
body will produce a rate of change of angular momentum which is equal to

the applied torque. Then

(4-3) - T=d4
dzt

whe1 e

A4  H= Tw

Since L is constant for a rigid body, Equation (A-3) can be written as

(A-5) 7= T j?“'

It is impractical to proceed further without specifying the axes about
which the torque is applied and about which 7 , o , and 4 are measured.
This is most easily accomplished by introducing some. elementary forms of
vector notation.* Referring to Figure A-1, the unit vector Lo,  is

*The reader unfamiliar with elueht.ary vector manipulation is referred to
Reference 26, ‘ ‘

A-2
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defined as having the varying direction of the gyro .sbin-. axis, but the

" constant magnitude of unity.* The unit vector Z L Ws is perpendiculaxf ‘

to 'Z“)s and in the plane defined by j“)s and the torque.vector. It

will be convenient to utilize the derivative 'of‘ the unit vector. This
is illustrated in Figure A-2, where the notation. 2t ) denotes the position |
of .Z at time A and _Zﬂ-/- o’;t‘) thé position at time A4+ dA . Since
the magnitude of the unit vector is unity, the ‘relationship between JZ

and . de can be .express - u Ags

¥

(Q‘-é) de =|J”j|j - '
and," _
- | dZ
(7-7) $€- |c)f ’

Figure A-f Vector bjg’raﬂon for Gyro Element

*Yector quantitiéa are indi,éited by placing a bar over the appropriate
mmlc ) ‘ :
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Thus the magnitude of the time derivative of the unit vector equals its rate
of turning, or its angular velocity. The direction of the 'deriya.t:.l.ve is the
direction in which the tip of the unit veghor moeves., In vector notation the

angular velocity is given by thel vector cwpss product

3 ed)

.0

G
Fiqure A=2 Derivative of a Unit Vector

; Y N 7 C/.Z
e

Since for a practical gyro, the rotor is spirming so rapidly about its
spin axis that its angular momentum about any other axis is negligible, the

gyro angular momentum can be expressed by

where l:5 is measured about the spin axis. In terms of the unit vector

notation, Equation (A-9) can be written as

410) H =I5 wyda,
A-4
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d g ; dl‘»
4-2) o ()=S0 Luy sy, 2o

Substituting Equation (A~10) into (A-3) results in

=)  T=I, 3 (w2, )

The rate .of cha.ngé of the spin vector a‘)s 'Z‘”s can be resoi.vod into

coxhponents as follows
e

Also the torque vector can be resolved into ca’npbnenta, along axes parallel

and perpendicular to wg Then

(4-13) T= 7:05 -Z.w\, /P v‘-z.l.w\9

Where the subscript L&), means "perpendicular to &g . Subqtitntihg
Equations (A-12) and (A-13) into Equation (A-11) gives

(A-1) Ty + T

A-5




i

S

Since it was shown above that the direction of the time rate of change of

SRR a unit vector is perpendicular to the unit vector, then c/l Wy
;)” ‘r‘ ' dt .
" can have no component along "Z"*’s . Therefore, Equation (A-14) can be written

as two equations as shown by Equations (A-15) and (A-16).

L ) Ty Lu =T, 2 L,

1
'f dx 4
t . 1
, _ o Q. TS . . ‘ L
(a-16) Tiug Liwy = Lg% — R 'R
i (B
For a flight control application ¢Js is so large (greater than 20,000 rpm) ‘
| s | |

i that any change due to torque input is negligible, Then Equation (A—iS) can
be neglected, Equation (A-16) gives the response of the gyro element to a -
torque applied about an axis perpendicular to the spin vector. It is seen
that the response consists of a ro,ta"cion of the spin vector in a direction

such that the tip of the spin vector moves parallel to the torque vector,

. This rotation is called precession. By Equation (A-8), the rate of precession,

i . &)‘70 » is-given by




Vo

T

Equation (,A-l7) shows the direction of the a"),o vector to be perpendiculai*

. JdZ, " .
to the plane containing the spin vector and the - Ws  sector (and there-
L
fore the torque vector) with its positive sense determined frdam the',' right
d‘z,“-’s ' ' '

d

hand rule by rotating .7,, ~into

The irverse of this equation is

(A-18) d:zos’s = Dp X Zuwg
dt

Substituting Equation: (A-18) into (A-16) gives
A-19) Tiuy Liwg=Ls « (@ X Luy,)

By utilizing Equation (A-9), Equation (A-19) can be written as

/A-'ZO) 7‘1”5 l—“".s =r wf X H
In scalar form Equation (A-20) can be written as

(A2l) Ty, = %#
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with the qualification that ?Zws ’ wf , and H are positive in the
directions given by Equations (A-9), (A-17), and (A-20). It should be noted
that the law of the gyro element is reversible, in that either the precession

velocity or the torque may be considered as input or as output.

(b) RATE GYRO INDICATIONS | |
As discussed in Chapter II, Section 5, the rate gyro has only §ne degree |

of freedom. Its input is considered to be precessional velocity, the ou'tput'

being torque which is restrained by some means such as a spring. Rate gyro

indications are subject to internal cross coupling errors which arise from the

displacement of the gyro element when the gyro is indicating an input rate., The

displacement of the gyro element for this condition is shown in Figure A-3.
The input reference axis can be considered as the position of the input ;x(ig
corresponding to zero input rate. The spin reference axis is the position of
the spin vector for the same condition. It will be noted that when the &yro
is indicating ar input angular velocity, the actual input azis is displaced
from the reference input axis. The gyro element under this condition responds
in accordance with Equation (A-21) to only that cmpohent of the input angular
velocity vector which lies along the displaced input axis. This component is.
obviously &/s,. cos ,4(’ » where & is the input angular velocity of
the gyro case about the input reference axis and ,43, is the deflection of
the gimbal from the zero position. In addition, when the gimbal is displaced,
the gyro element will respond to a component of an angular velocity input about
the spin reference axis. This component is Wy SN ,43_ h » where ‘qsr

A—s +




" 48 the angular velocity of the case about the spin reference axis, Then

the total angular rate about the displaced input axis is given: by

(A-22) tg = gy o5 Ay Flp v Ay

o
- 3 -
Wsg SIN Ag S ‘>/ foﬂwfram
Spin
Reference -
* Spin s
s

.

Fiqure A-3 Rate Gyro Relationships
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To determine the effects of rate gyro internal cross coupling, assume
a yaw rate gyro to be mounted in an airframe with its input reference axis
aligned with the airframe Z axis and its spin reference axis at some arbitrary

angle 7) to the airframe X—éxis as shown in Figure A-j.

Yo

— =xf(ﬁs}frame)v |

o, o P%rf’”
% 0"?‘9
9 s
S
3 %,
> o 2 Yo
N | 15 B4
§ - £ *
\& - Z
QW 4 N
S& £ ;
8. (<]
s8 &
; = ‘&
Fiqure A% Yow Rate Gyro,Arbirtrary Orientation
A-10
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If the airframe is assumed to have rolling and pitching velocities P
and Z, » the compqrie,nt,s of these velocities about the spin reference axis

are given by

(A-23) Wsp =p0 cas 7 * g S 77

If it is now assumed that the gyro is indicating an input angular rate,
the total velocity about the displaced input axis is found by substituting
Equation (A-23) into (A-22) (or by direct resolution from Figure A-4) to
be

(A-2%) & =1 cos A % (o cas ) + 7 2). SN Ao

{ihere the subscript, #” denotes yaw rate gyro. The plus or ininus sign

is used before the bracket because this sign depends'on'the direction in
which the gyro input axis is deflected for a positive yaw rate, which in
turn depends on the direction of spin. The minus sign has been ;ssuined'

in Figure A-4.

The indication of a rate gyro is normally obtained by measuring the
angle ,43 + In terms of ar . A4? is given by

g

A

(A~25) Ay = od

3
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where /(5 is the restraining spring constant. In terms of Equation (A-24),

(A-2E) /4;,_4_7% [+ cos 4#1‘60 cas 7)+p S 7)5”‘/'%’]

ﬁhere the subscript 7 denotes yaw rate gyro, as above,

Tt is seen that a yaw rate gyro oriented as shown in Fig.v.re A-4 does not measure
pure yaw rate, but yaw rate plus functions of roll and pitch rates and the angle

77 . Since roll rates can be much larger than yaw rate, it is desirable to. |
|~ eliminate the internally cross coupled roll rate component. This can be

accomplished by making ?7 = 90°, Then Equation (A=26) becomes

&

Sr

//?-27) ,Qi,_=_’q—7“ » cas Ai" i‘j .S//Vr?;,,]

In practice, é is adjusted such that /Of is kept small, usually less than

5 degrees, Then to a good approximation,

(A-28) Cas/%=_z: AND S/M/?:/qi

Substituting Equation (A-28) into Equation (A-27) results in

y, (

B (R-29) Agy =2
q ) Fia 2 »2z /?;,_
i
A-12
;
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for the condition in which the spin reference axis is aligned with the

airframe Y-axis,

In a similar manner, the indication of a pitch' rate gyro oriented

to couple yaw rate into pitch rate is given by

where the subscript }denotes pitch rate gyro. For Equation (A-30) the

. 4

gyro is oriented with its input reference axis aligned with the airframe
Y-axis and its spin reference axis along the airframe Z-axis. For a
roll rate gyro oriented to couple yaw into roll, the gyro indication is

givenbj
/43/) Aar = p[;, "/);f’]

In this case the gyro input reference axis would be aligned with the
airframe X-axis and the spin reference axis with the airframe Z-axis.
Equations (A-29), (A-30), and (A-31) give the rate gyro pick off
indications for the orientations assumed including the effect of in-
ternal geometrical cross coupling. Other gyro orientations would

result in different coupling terms, however, the orlentations chosen

A-13
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here usually provide minimum coupling affects since the relative maximum mag~

I nitude of the airframe angular rates are usually in the order of P »2 dq" 2F

y For this reason it is desirable to eliminate roll coupling wherever possible,

Since the cross coupling term for each of the above cases is directly

proportional. to gimbal displacement, it is obvious that this effect is reduced

when the gimbal angle is kept small.,

An effect which must be considered when conducting flight control simula-
tion studies arises when the axes to which the airframe equa{.iona are reforenced
de not coincide with the input reference axes of the xjate gyros, This condition
! is illustrated in Figure A-5 in which it is assumed that three rate gyros are
instalie@ with iiput reference axes aligned with the airframe body axes and that
the airframe equé tions are referred to stabiiity axes, Only £he plane of sysmetyy
is shown, since tas Y-body and stability axes coincide. | V

Y u Y RV

i | | | é, Ze |
Fiqure A5 Resolution of Stabulity €lxes Rates Qllong Body fixes
1 ‘ .

A-




3 6

From Figure A-5, the angular velocities about the body ,axe‘s in terms of
the angular velocities about the stability axes are given by Equations
(A-32).

70:.: /Dcosﬁx_-.- e.S//VOQ
/'4;'32) j = @
# = Acos o # P
men c<. is =mall, then cos <. == 4 and sin o<=c< . Utilizing this
approximation, Equations (A-32) are reduced to
(A-33) i— =@
= R+

Equations (A-33) express what is sometimes called external cross coupliné,
however it should be remembered that these coupling terms arise oniy be-~
‘cause one chooses to compute angular rates with respect to a set of axes

different from those along which the gyros are oriented.

A-15
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(4-32)

Substituting Equations (A-33) into Equations (A-29), (A-30), and (A-31)

results in.

—

~ /
47)9 A

J{P )2 (R /) 4”] R

9;#[?’ (R+R) A ]

A :f?)»[m*&) 2 QA ]

where K = KSP s etce

Neglecting the products XA . and oA

L Hs Vi
and solving for ,43 gives the following set of equations, -
= LS eoue
+
(A-35 A = PITCH
. ) kIR
f
Aeye =LFP< g

?I“
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Equations (A-35) give rate gyro gimbal deflections in temms of

angular velocitiés ab&u‘c a set of axes displaced from the gyro input

reference axes by the angle o©o{ , as shown in F'lgure A-5 for the parti-
cular spin reference axes orientations considered. The effects of internal

geometrical cross coupling are included.

(c) VERTICAL GYRO INDICATIONS*

A physic;al description ;faf the vertical gyro is given in Section 5a
of Chapter II of this report. It will be recalled that the vertical gyro -
has two degrees of freedom and that the spin axis is maintained parallel |
to the average airframe net. a‘ccele.ration vector by means of an erection
mechanism which operates very slowly. Since most aircraft spend a 1a.rge:f
percentage of their time in level, unaccelerated flight, the average net
acceleration vector corresponds quite closely to the gravity vegtor.

In this development it is assumed that the gyro spin axis coincides
exactly with the gravity vector. The problem of determining vertical

gyro indications then resolves itself into that of expressing the geo-.
metrical relationships between the inner and outer gimbals, and between
the outer gimbal and the airframe in terms of useful airframe quantities.
In this section these relationships are first expressed in terms of the
airframe attitude (Euler) angles, The relationships are then linearized
and the pickoff indications are expressed for small perturbations in terms
of the steady state attitude angles and the perturbed airframe angular

-

velocities ,o ’ j' and 7.

#The bulk of the mterial presentod in this section is taken from Reference
29, and is used here with the permission of the authors.
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The development which follows is greatly simplified through the use of
some elementary forms of vector analysis. The few relationships which are uéed
are stated belqw. For the reader interested in their derivatiom, Refqrqnce 26

presents a good review of the subject.

—
.

«£ ., /T , and 4 are unit vectors directed along the airframe
X, y and z body axes respectively (Figure A-8)
j s 777, and 77 are unit vectors directed é.long_ the gyro rotor

u, v and w axes respectively (Figure A-8)

A5 is the dot product of the vectors A and B. It ic a scalar
quantity whose magnitude is the product of A and B and the
cosine of the angle between the vectors.

/4— X 8 is the cross product of the vectors A and‘B. This operation

yields a vector quantity whose magnitude is equal to the product
of A and B and thelsine of the angle between the vectors. The
direction’ of the cross product is perpendiéula.r to the i)lane
containing A and B, with its positive sense determined by the
direction in which a right hand screw would move when rotated
in the direction of A into B through an angle less than 180.

degrees.
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As is evident from Figure A-4, the outer gimbal bearing axis of a vertiecal

"gyro is directed along a fixed line in the aircraft. If the outer gimbal axis

is directed more or less along the flight path (an x axis of the airframe) the
gyro pickups measure different quantities than those measured if the gyro case |
is turned 90 degrees to orient the outér gimbal bearing axis along the y axis

of the airframe., Therefore, gyro pickoff indications must be derived for two

. . cases:

Case I - the outer gimbal bearing axis is oriented along an airplane
X-axis,. » .

. Case II- the outer gimbal bearing axis.is oriented along an airplane
'5*'-axis. . -

-In both cases, the spin axes of tle gyro rotor is parallel to the gravity

vector.

The relationships between the gravity vector and the airframe axes x, ¥
and z are illustrated in Figure A-7. | '
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. ol | From Figure A-7, it is seen that a unit vector “‘g‘ lying along the
R } gravity vector can be expressed as |
6} .
(4-36) C?;:F;.l.. _— sw@+;cw@ .s/,vf?:uécos@césj'
- ’ ' The definitions of the angles @ and j‘ are the same as used in Figure ] }\
j H . .
; II-2 in Chapter II,
1
Il
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The orientation of the airframe body axes (x;fr,z) with respect to the ',gyré . 0
. , ot

rotor a.xes (u,v,w) for Case I is shown in Figure A=8.
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Fiqure A-8 Vertical Gyro €lxis Orientation, Case I
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""From Figure A-8 the following rela.tioﬁihips can be written.

,(4_3’7) Cos ,47 = 7;,7‘

Where A,. is the angle of the outer gimbal with respect to the

t

airframe. Also

(4-38) cos 4o = +7 + LLX77)
| " g iz X

where /41_3, is the angle of the inner gimbal with respect to the outer

gimbal, A third relationship can be written by virtue of gyro construction.

]
X
>¢
~

(A-39) 7.

which merely states that the inner gimbal bearing axis is at all times per-

pendicular to the plane containing the outer gimbal bearing axis and the
rotor spin vector. Comparison.of Figures A-7 and A-8 reveals a fourth
relatiqnahip.

"
N

(49-40) 7




If Equation (A-39) is substituted into Equation (A-37), the result is . -
Tl )
' ‘
The numerator of Equation (A-41) can be expressed as

o (A-22) - (ixZ)] =7 (IX])= 7.8 |
Equation (A-42) can be written as

Ly (4:—43) 7o = [\-27_.2_, cos @cgsj'

Substituting Equation (A-43) into Equation (A-42) reisults in , @ ji!
(F-44) /ﬁx2)77= cas () cos & |
To determine the magnitude '/ﬁ XL I’ » the following expression is used ‘ .‘;
: =71 1, sl |7 Z A4 |
{ /4-45): hXx;‘tsiaixt_'-,lf coa@Cas[-»é cos@ S/A/j‘

i ‘ f'xhe; magnitude of Equation (A-45) is ) i |
//9-45) rinr= cos@ i

E‘I

(3
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If Equation (A-41) is now expressed in terms of ﬁMticns (A-44) and (A-46),

-~

the result 1;3 : | o : ‘:, b

/4-47) {7 - 2@ @??fff _ cos

or

{4’4‘9) ’402‘ =j |

To determine the expression for the angle of the immer gimbal with

respect to the outer gimbal Equation (A-38) can be expressed as

(A-99  Aig=+Fe .‘.in’:' ,=7‘?7'ZZ-X/77X2—)_7
) cos § ".,,iz_).(.-m‘,f /ll‘zx (ﬁxf)‘,{-'

by virtue of Equation (A-39). v

By means of vector manipulation, the quantity in brackets in the numerator

of Equation (A-49) can be simplified as follows:

(A-50) TX(FXL)= 7 (Lod)-Z(Z-5)=7-Z(Z°%)

A-25




‘ ()
i ~ Substituting Equation (A-36) into the right hand side of Equation (A-50) , ' , §
g results in 7 |
(A-51) ZX(ﬁXZ)-:_—/Tc‘os@swjﬂé cos (&) cas F
The magnitude of Equation (A-5lv) is
(4-52) ]Z X(% X‘Z)I = cas &)
A
P The numerator of Equation (A-49) can now be expressed in terms of the Euler
angles as the dot product of Equations (A-36) and (A-51). The result is .
" (A-53) # 5-{; x(ﬁxfy= A cos D). L O
Substituting Equations (A-52) and (A-53) into Equation (1-4;9) results in
(A-5%) cos /233 = 4 Cos@‘
(. :
b g then

(4-35) Ay =@




D

In summary, the gyro pickoff indicat}ions for a vertical gyrc oriented '
with its outer gimbal bearing axis aligned with the airframe X-axis and

with the gyro rotor spin axis aligned with the gra‘}rity vector are given in

BEquations (A-48) and (A-55). These results apply for any combihation of

@ and [ except for the condition of gimbal lock wherein the gyro
rotor spin axis is aligned with the outer gimbal bearing axis. For Case
I, this correspondé to @ = *900. To prevent this occurence, most
vertical gyros are constructed with built in stops which p,révent, inner

gimba‘“ 1 _.es8 /44.8 ) from exceeding appro:c'ima;tely *850..

The orientation of the airframe body axes and the gyro rotor axes for

Case II is shown in Figure A-9,

f——Measured Roll ﬂ,‘nql’é

. aoq

u

Measured
Pitch fingle

3

. Gyro Rotor
Spin QxIs

d:.
%
€

A-27




b
B
7
‘ '
: {+
N
i
-’
A-28

From Figure A-9, the following relationships can be written

(A-56) cos A, = —ﬁ.(;xf)
| | |7 x|

(B-57) cos A, =i-L

A third relationship can be written by virtue of gyro construction.

= e

//4"55) /Z-= —L

{ X
P
Substituting Equation (A-58) into Equation (A-56) gives

(457 s Ay = -7 [f R (Fx7)]
Vgl

) |




B
1 vy

~which can be rearranged to give

(A-é0)  cos A}? = "7[}7 jT‘ '73) - ( L/—)]
|77 7-7507-7)

The denominator of Equation (A-60) is evaluated by substituting the

expression given for 77 in Equation (A-36) and performing the

indicated operation. The result is

50D |7 G5) G F )| | Fon @R @

A-29
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which is equivalent to

(A€4)

Utilizing Equations (A-36) and (A-62), the numerator of Equation (A-60) is
given by

(A-¢3) 77[ h) n(/ /2]—5/4/ @7‘@5‘@6057

When Equations (A-62) and (A-63) are combined, the result is
' . P-4 I4 ’ﬁ/Z
//0-44) cos /‘i‘i = (5//\/"@ + cos @ cos [)

which can be reduced to

(A-65) 5/A/A]7 =cos@ sw g

To determine the outer gimbal pickoff indication, Equation -(A-58) is
substituted into Equation (A-57)., The result is

(A-66) cos ,%i = £ -f ix7)

L; A/?v |

/// e ) - 77///)' //v@fcmO Cos’?)%

O




The numerator of Equation (A-66) can be written as
(9-é7) < C/’Xﬁ) = (IxF) 7= AN
Substituting Equation (A-36) for 7 gives

(/P-68) A 7 = cos & cos g

Substituting for 77 in the denominator of Equation (A-66) gives

s %/TX 7 ! ;,/'if cas @) cos Fr 4 5//\/@}'

- which can be written as

> | %
(;?'722) L?f X@i7l:= {1515‘(:) ¢mzsf£?'#»5%¢/2<:2/>‘;

When Equations (A-68) and (A-70) are substituted into Equation (A-66),
the result is

(8-7/) cos AR, =_cos& cosg

/ _éos" @‘cas‘j" -/-.S/Nz@/ %
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Equation (A-71) can be rearranged as shown in Equation (A-72)

(A=22) v A, = s &) 5
? (cos?@) cos’B s E)) %

Equations (A-65) and (A-72) give the gyro pickoff indicétidns for Case II
in terms of the Euler angles @ and _g?_ . It will be noted that cross coupling
effects exist for this gyro orientation, in that both gyro pickoeff indications
are functions of both @ and _é_ . For this reason, vertical gyros are nor-
mally oriented with the outer gimbal bearing axis aligned with the airframe
X~axis. ' |

Again, as for Case I, the results are applicable for any combination of
@) =d B except for the condition of gimbal lock, For the gyro oriented
as in Case II, gimbal lock corresponds ‘to Z = 19°. '

To utilize these results in an autopilot simulator, or analog computer
study, the Euler angles @ and _@' must be computed. These angles were
given in terms of the aircraft angular rates ~ , ¢ , and 4’ as Equations
(11-14) in Chapter II which are repeated below.

|'&'
|

P+ 7N &) (0 .5/4/_@"4-/?@5[)

473 @ = Qcos F-Lsv F
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cos ) ;

The third Equation in (A-73) can be ignored unless it is desired to solve
for [ . EquationsA (A-'B) can be used in éonjimction‘with either
Equations (A-48) and (A-55) or (A-65) and (A-72) to compute vertical gyTo

pickoff indications s in terms of the airframe angular velocities.

The gyro pickoff equations presented above would normally be used in
conjunction with the complets, six degree of freedom airframe equations
which were derived in Chapter II, When ﬁsed with the airframe perturba-
tion equations, the gyro pickoff equations can be linearized. Linearization
is only necessary for Case II, since for Case I, gyro pickoff indications
are linear even for lafge angles. For the linear equatiops » airframe motion
is considered as the result of disturbing the airframe from some steady
flight condition. Linearization is accomplished by utilizing Assumption 6
of Chapter II which states that all airframe motions from the steady flight
condition are assumed small enough so that products and squares of the dis-
turbance angles can be neglected, and their sines are equal to the angles
themselves and their cosines are equal to unity.,

Thus for Case I,

(4-74) A e +4?/ =&+
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§
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where the ¢ subscript indicates steady flight value of the variable and the
lower case letters indicate disturbances from the steady flight values, Also
for Case I

I
.i)» ! ‘
R A s T e
|
|
|

For Case II, if the relationships
) A= Ay 4;: D=@)+o,pod=F+F
are utilized, Equation A-65 becomes

(4-77) s (A? +d.) [cos/@+<9)][sw(g+ﬂ/]

which can be written as

By (A-28) sw 7 7 +cos,€_;o\s«/¢7 |

| ! [c:o.s @o wse-d//v@&we-][.s/yf: cos%#qas‘ésm/ﬁ;]
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(4-79)

Since" the changes from thé steady flight condition will be considered

small, the following approximations are made
cos}zcoaezcco.s;{z/

SN 4? a@; s SNV O = O BVD smfp’z_‘v_,)d 4

Utilizing Equatlons (A 79) (A— 78) can be reduced to

| //4-&’0) Y, ;fy; N[aa@ esw@‘][/vjfﬂoasd

If Equation (A-80) is solved for the angle 3 the result is (neglecting
the product 9¢ ', and recalling that sin z; = OS5 @o sin j: )

(#-8/) @_;—-— o &) swd o # ca.s@ cosf ﬁ
C0$/97 . c0s /7; .

If for the steady flight condition chosen, [ =0 , Equation (A--81)
-]

is reduced to
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Thus for & =O , the angle 4"? is a direct indication of perturbed roll

angle, when the gyro is oriented as in Case II.

The linearized expression for the outer gimbal pickoff indication for
Case II is developed as follows. Utilizing the approx:lh&tiqnu oi'"zEduatioxj

(A-79) in addition to
/4-33 n@,. = . wp cos $_,

Equation (A-71) can be written as

(P-82)  sv (4, . ,A% ):__, SN (@o +8)
; ’ 7 SN (@ *9)*@5‘/@*9)&9;@ f¢)-7—’

By means of a rather lengthy but straightforward trigonometric manipulation,
Equation (A-846) can bs reduced to

- o mwd-Foor@))

(4-&5) @;
cosf /-;‘cor’@cosf

Although Equation (A-85) appears complicated, it is not difficult to mechanize

since all the quantities with zero subscript are constant for a given problem.

A-36

¢
3
i




If the steady flight condition is chosen such that.l £ =0 ,
Equation (A-85) ceduces to ' o o ' )
(n-8) 4., =86

B (PN

To linearize Equations (A-f?_B‘,), their inverse equations are utilized.

These are given as

P = _[-—_2_5. s &) |
.m(/—’)’—.gv Q =@.cos_;~+jsxzyfcas@
A’:—@.'S//Vf+j‘cos.fcw‘@f

To linearize Equations (A-87), it is assumed that

. [

(19~83) /§=¢°=/€=£z@°=£=0
Then Equations (A-87) can be written as |

p= A2 on @

4-6) p=SondsPows s,

F=-06 s//v.g,é %co.s.é.ca.s@q o




lower case letters indicate deviations therefrom. Equations (A-89) can be

substituted into the linearized gyro pickoff equations to obtain gyro pick-

A

off indications in terms of aircraft angular rates, For Case I,

(/4-?0) 4 % /%o/f //ff-}ﬂ&//t/@) oy

and

A7) q, _,gg/sdé//f ”"Zc“@)#

where, as before, the zero subscript indicates steady flight value and the

To utilize Equations (A-90) and (A-91) it is necessary to compute /0 « This

is obtained by simultaneous solution of Equations (A-89) as

(A-72) ;/ = / cas Z *p NG,
cos &)

If for the steady flight condition & =0O , Equation (A-92) becomes
o

L . Vs
-2 =
( 3‘) /W Cos@

o
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and Edua,t.ion‘s (A-90) and (A-91) eéan be written as

(4-54) %/ -‘-/}” + 1 TN @)Jt ‘
428) Gy [pa

Utilizing Equatishs (A-89) the linearized gyro pickeff equations -
~ for Case II are o,btained.. Equ;tion (A-81) becomes

4%) g -- 2Bl [[pred @),
?) 4"7 cos 4:?9 X ( cos_Q: ) “

# cas &, cos@lf/,o-/{(/s&y@)alt

Cos 4,._;

and Equation (A-85) becomes |

w7ty JfE M “

A-39
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[
where, as before, 5” is given by Equation (A-92). " Again, considerable “
simplification is effected if the steady flight condition is chosen such

t

that £ =O . Equations (A-96) and (A-97) for this condition become

cos @

CQS 4.3

#38) g, - Jeprrron & 2 ) e

and

,/4-97) 47 = /o’x.—

The relationships for vertical gyro pickoff indications as derived

" in this section are sumarized in Table A-l.

Table A-1 - Vertical Gyro Pickoff Equations
Case I (outer gimbal axis aligned with airframe X-axis)

9-48) 7 =
(4-55) /ﬁ; =&

Case IT (outer gimbal axis aligned with airframe Y-axis)

= Cos ééa'544?J§P

(9-65) sn /4,_;

A-40
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Table A<l (continued)

(572 P s ®
) Y 7 (cos ‘@ Cosz_é',w//t/‘@)/

Linearized Equatiops

(4-7¢) Loy = &
/5‘75) ﬁ? =

Cass II

1~ cos '4 cos A

CA-8)) Ren = sm/@ s ) (co.s_fé_c'oa@)?(

(498 V G/Nf o cor
o 5) 4‘7 = casg " fear? € cas‘f [9 7'0/V£ / @)

A-41
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Table A-1 (continued)
] ] ftiqnsqu’rf;‘;o

earized Fquations in terms of the Airframe Rates

Case I

(5-%) @y = [t @)

#9) 4y = /_f-ff;/‘/;?:ws@,)dé

A-42
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' fTable A-1 (continued)

where
*

(A-92) & = /"cb.s-_[ szs//vf
| c’os@ | ‘

Case II

| (A- %) Q‘] - ‘___‘.5/4/@ 5//V£r (j-/“’sm/fcos@) e

cos Mg, cos &,

4 “’597;0"5@) ﬁo*s;sw@/a’é |

- ¢os 4 /
“%o

(5-7) Mg = | R) e
) Cos L, cos 2,

' S/A/j; [ TN -?: /( - %S/MF.’: Cés @) o

e B L cos 2,

- "‘”@0/.(‘,0*;‘6/# @) dﬂh |

A-43




Table A-). (continued)

5-9%) G - //,0 i1 o @ ) s

(5-25) '4’7 = &df

‘//4—76’)'- @? = iag-//ffr 7N @_)o’;&
g, |

(4-97) Z ='[z ot

Al

(d) DIRECTIONAL GYRO INDICATIONS

As indicated in Gha'pter II, the directional gyro has two degrees of
freedom and is oriented with the outer gimbal axis along the airframe Z
axis., The gyro rotor spin axis is normally slaved to magnetic north and
is maintained in a horizontal plane by an erection mechanism which is
slaved to the airframe net acceleration vector. In actual practice the

directional gyro only provides correct yaw indications when the outer




‘.
R Sue A

gimbal axis is vertical. Therefore, errors are introduced whenever
yawing occurs in the px"eseim'ce of any combination of pitch or roll

angles.

In this subsection, the directional gyro pickoff indication is

derived in terms of the airframe attitude angles _é— ’ &) , and _2; . .

The resulting expression is then linearized and written in terms of

small perturbations about some initial flight condition.

The directional gyro pickoff indication is given by the angular
rotation of the outer gimbal with respect to the airframe. Since the
inner gimbal bearing axis 1s rigidly attached to the outer gimbal, it
is convenient to measure the directional gyro pickoff indication as
the angle between the inner gimbal bearing axis and some reference
axis attached to the airframe. For this development it is somewhat
arbitrarily assumed that the gyro rotor spin axis orientation for zero
pickoff indication is in the plane of symmetry. This assunption simpli-
fies the development which i’oilowa, although it in no way reduces its
generality. For the chosen zero position of the gyro rotor spin axis,
the inner gimbal bearing axis lies along the airframe Y-axis and it
is therefore convenient to designate the angle between the inner gimbal
bearing axis and the airframe Y-axis as the gyro pic]n;ff indication.
This arrangement is shown in Figure A-10, ‘

A-L5
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__Gyro Rotor
~Spin €xis

2

Fiqure A-10 Directional Gyro xis Orientation

In Figure A-1Q,the vector representing the imner gimbal bearing axis is locattfd
by recalling that the imner gimbal bearing axis is at all times perpendicular
to the plane containing the gyro rotor spin axis and the outer gimbal bearing
axis, Then the vector representing directiog of the inner gi'mb'al bear;ng aua. :
is given by the vector cross product ,é- X A + From Figure A-10Q,

l//4'/ﬁ0) CCas Mg = Y -
7 lexe]

A-46
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Bquation (A;l{OO) will now be expanded in termms of the:airframe attitude

angles [ R ¢ » To dccomplish this, the components of the

anit vector [ A along the airframe axes must. first be expressed in tems
of the angles J~ , % , and F~ . his is accompli'shed.through the use :
of Figure (A-11), in which the gyro rotor axes u and v 1lie in a

hoz‘izontal plane, the w axis coincides with the gravity vector, and the

x-axis indicates the position of the airframe x-axis.

AT



In Figure A-ll, the unit vector /: describing the projection. of the airz:

frame X-axis on the horizontal plane is given by

(-rer) '= (L+7 sw®))as @

Utiiiz‘ing Equations (A—-Bé) and (A-40), Equation (A-101) can be expanded to obtain
./ T r -/ .
//9—/02) L =L cas@ %/ sw@.sm/ffvé s @ cos &

The projection of the unit vector A on the airframe axes is given by

(4-103) £ = ih 4 7"'/;, +ZJ§_

Then

—

(5-10%) 4L ‘= cosiau(v cas @v‘/i/ sw &) 5/#!*43/#@cas§

Also

(A-w5) L-7=0=fsw D4 cos @ s F+dy cos @cos &

A-48
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One additional expression is reqﬁired,

/A'/aé)-jXZ’=73 ;/NZ

Utilizing Equations (4-36), (A-40), and (A=102), Equation (A-106) can be

expanded to obtain

- (A-/07) Ly 5o @ cos F—4, sw@ng = s @ SvE

4, sin @) cos F” iy cos@ — =swBcos@®smnE

, ’[x sin @ swngd — /7co§@ | :cosfcaS@.sq)f

By addition, Equations (A-107) can be combined to form a single equation
A18) Ly (sn @ sw F-sw Oces T L ow @ casF-axs @)

+;/£_ (cos @ —sii &) s _Qj

=sw ¥ Jcas @(50\/@"-/—@5_@7-5/#@7

A-49




The components of the unit vector ,Z can now be obtained by simultaneons .

Solutio‘n, of Equations (A-104), (A-105), and (4-108). The result is:

-

4

X=

cos L cas@)
/,0-/07) 4 = S/A/f&;y@ cos & -cos B s

,é_ = s/m,i?'s)ﬂ/fvﬁcasfs//v@ cos¥

which in vector form becomes
(a40) L= I s cos@r] (s EswBoos Fetos Fswl)

%ZfS/A/.‘? S/Mf#-cas.z-&&@ cas.?)'

Equation (A~110) can now be used to expand Equation (A-100).

To expand the numerator of Equation (A-100) the operation indicated by the
vector cross product ,é )(1_ is first perfomed. Then

A-50

s/

o
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A e

(R-ill) 2 X

L“

cosT cos @ sw sin@H) cos & siN Lsim @

;7 £
o -/

Upon expansion, Equation (A-111) becomes

(A-/12) ZXLZ cos F s F-sn g s &) C“E)g (m,@' cos @)

The numerator of Equation (A-100) then becomes

(A-1/3) ;‘(AZXI): ces & cos &)

The dencmiinator of Equation (A-100) is given by the absoluté value of

Equation (A-112). Then

A-51
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*/cosfc:os @)]

. Utilizi:ng Equations (A-113) and (A-114) Equation (A-100) carn be expressed as

(/Q'//S) Cos AO _ cos _(Z- 605 @ | i | )
P [ ZowZ-s Fsw @ cos Z) Mews Fors) ||

-+,

Equation (A-115) gives the cosine of the directional gyro pickoff angle in temms

of the airframe attitude angles _é— s @ » and I . Equation (A-115) is

probably too complex to mechanize on an analog computer, It is valuable however.

in giving an insight into the type and magnitude of the gimbal errors which exist

in directional gyro pickoff indications, To visualize these errors, it is help- ~

ful to note the directional gyro pickoff indications for various combinations of
airframe attitude angles. Pickoff indications as obtained from Equation (A-115)
for several combinations are summarized in Table A-2.
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Table A-2 Directional Gyro Pickoff Indications

It will be noted that correct indications are obtained when ¢ = 190,
when‘[ = [ = 0, when @ = -Q‘ = 0, and of course, when _é_ -@

= 0, Errors are introduced for all other combinations of attitude angles.

Equations (A-115) can be linearized by the same method used in con-

Junction with the vertical gyro equations.

e

The resulting linear equation




can be used in conjunction with the air‘frame perturbation equation's'to sfﬁdy
the motion of an airframe under autopilot control for amall ;liistgrb_a,n;v:,es;,.fm

| some initial a.ttitud’e. It will be recalled that linearizatic‘)n is ;accompli‘shied’f"
by assuming that airframe disturbances from the initial attitude are small
enough that the cosines of the disturbance angles can be set equal to unlty,

sines of the angles are equal to the angles themselves, a,nd products of the

angles can be neglected.

The linear equation is derived by ma.king the following substitutions in '
Equation (A-115). -

Fod
(’/)-//é) . ,@é@‘/‘e

where, as before, the zero subscript designates the initial value and the lower
case letters indicate devia.tions therefrom. When the indicated substitutions

are made in Equation (A-115) and the equation is expanded and solved for 4?
the result :Ls -

| o Lypras+Q ¥
(5117). Gym P £ 20 79N O+ HETE

Oz
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where

st L swzg.;..wg cos & m @ Q/Ng cos £ !
O,= sec &) cas L rw Z—sivw &, 7onv &) ‘
Dy = ;,,v@ s cas & (s F-cas*E )-
*sv &, cos & (s’ @) cc;s‘z-s/ﬁ *Z )
Ly = ~cos@) cos & (s/,vé c.osf sw® +cas’;£ sw@ cosf_)
oy= s//v.fﬁ cos &, (cos " Lima* B ™) —cos @)

*tsn ) cas & sin @) (sw*Z -castZ, )

It will be noted that Equation (A~117) is linear.

As shown, Equation (A-117) gives the perturbed indication of a

directional gyro for an arbitrary initial airframe attitude. Considerable - R

simplification is effected for certain specific initial attitﬁdgs.- These .
are summarized in Table A-3. |
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Table A-3 Linearized Directional Gyro fquations -
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